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ABSTRACT 
The work within this thesis is directed towards optimising and expanding the application of 
electrodeposition-coupled-electrothermal atomic absorption spectrometry (ED-ETAAS). 
The technique involves modifying the surface of the graphite furnace by in-situ electro-
deposition of a noble metal. The analyte is electrodeposited onto the modifier and the spent 
sample matrix is aspirated from the furnace, thus separating the analyte from sample matrix 
components which can interfere with ETAAS analysis. The electrodeposited analyte is then 
determined by ETAAS. 
Parameters for electrodeposition of modifier and analytes were optimised. It was shown that 
ED-ETAAS could be used to determine lead, cadmium, and copper in 0.5 M N aCI media with 
sensitivity and detection limits similar to conventional ETAAS. The technique was used to 
determine copper and cadmium in seawater. 
Different noble metal modifiers were compared. Palladium was shown to provide better 
sensitivity and thennal stabilisation than iridium or rhodium for lead determination. 
ED-ETAAS.was used for the determination of inorganic mercury. The detection limit for the 
technique, using a 20 flL sample volume, was ca. 18 ppb (corresponding to ca. 380 pg), with 
a characteristic mass of 91 pg. The electrodeposited palladium modifier provided greater 
analyte stabilisation and sensitivity than gold or ammonium sulphide modifiers. The 
technique was compared with cold vapour-ETAAS, for which a detection limit of ca. 1.7 ppb 
was determined using an 8.4 mL sample volume. The electrodeposited palladium modifier 
was shown to provide superior sensitivity to palladium chloride modifier. 
ED-ET AAS was examined as a technique for differentiating between free metal ions and 
those bound in inert and I or stable complexes. This involved selective deposition for 
fractionation of Bi3+, Pb2+, Ni2+ and Cu2+ in the presence of varying concentrations of 
EDTA. Fractionation of bismuth was possible (Bi-EDTA- is inert) but in labile systems the 
quantitative deposition process disturbed the solution equilibria resulting in an over-
estimation of the free metal concentration. In an attempted application to natural waters, 
problems were encountered with adsorption of fulvic acid on the furnace surface. Thus ED-
ETAAS is not recommended as a method for fractionating metal-ligand species in natural 
systems. 
The ED-ETAAS technique was successfully used for fractionation of arsenic species. The 
detection limit for arsenite determination from nitric acid media was 0.58 ppb (corresponding 
to 22 pg in a 39 flL sample), with a characteristic mass (peak absorbance) of 7.5 pg. Total 
arsenic was determined from media containing L-cysteine, with a detection limit of 1.3 ppb 
(51 pg) and a characteristic mass of 6.6 pg. The technique was used to determine AsIII and 
total arsenic in two natural waters. The ED-ETAAS technique gave the same results as two 
comparative techniques (ETAAS and hydride generation ETAAS) provided that peale 
absorbance measurements were used. 
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Chapter One 
Introduction 
chapter describes the development of electrodeposition-coupled electrothennal atomic 
absorption spectrometry; the technique that is applied throughout the rest of this thesis. 
Atomic absorption history and theory are outlined, as well as the limitations that led to the 
development of electrothermal atomic absorption spectrometry. This technique is described 
ill detail, along with the approaches used to deal with the various interferences that can occur. 
The relative attributes of electrothermal atomic absorption spectrometry compared with other 
trace metal analysis teclmiques are discussed. The advantages of coupling electrodeposition 
to electrothermal atomic absorption spectrometry are evaluated and the literature dealing with 
this technique reviewed. A final section describes the scope of the present work; to further 
develop the technique to electrodeposition-coupled electrothermal atomic absorption spec-
trometry. 
1.1 ATOMIC ABSORPTION: HISTORY AND THEORY 
1.1.1 Atomic Spectra 
In 1900, Max Planck estab1ished the quantum law of radiation absorption and emission. The 
quantum law states that atoms can only absorb radiation of a well-defined wavelength A; i.e. 
they can only take up and release definite amounts of energy E. The relationship between the 
energy transition and the wavelength, where h is Planck's constant, v the frequency, and e the 
speed of light, is expressed as follows: 
E =hv = he 
A (1.1) 
Upon absorbing a quantum of energy, an atom enters an "excited" state. When the atom re-
turns to a lower energy state, it releases the absorbed energy; usually as radiation. Because 
atoms can exist in many different excited states, many energy transitions are possible. 
Radiation is emitted at discrete wavelengths, each corresponding to a different energy trans-
ition. For atoms that are excited thermally or eleetrically, absorbed energy can be released as 
an emission spectrum. If the excitation is by optical radiation, an absorption line-spectrum is 
observed. Absorption spectra have fewer lines than emission spectra because in an absorption 
spectrum virtually all lines must come from transitions originating from the ground state. 
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These absorption lines are referred to as resonance lines since they come into resonance with 
optical radiation of suitable frequency. For any element, the resonance lines in the absorption 
spectrum will be common to the emission spectrum. These common lines form the basis of 
atomic absorption spectrometry (AAS). 
Because all elemental absorption spectra are different, it is possible to select resonance lines 
unique to one element. Hence, from a mixture of gaseous atomic species placed in the path of 
a radiation source, an element can be selectively determined by measuring the radiation atten-
uation at this element's resonance line. 
1.1.2 Absorbance 
The phenomenon of light absorption has been studied for over 200 years. In 1760, Lambert 
set the theoretical foundations of modem absorption spectrophotometry when he expressed 
the relationship between incident light intensity 10 , and the transmitted light intensity 10" for 
light passing though a layer of thiclmess 1. The absorption coefficient x' measures the layer's 
light attenuating power. 
(1.2) 
When the absorber is a solution of an absorbing substance in a non-absorbing medium, the 
absorption coefficient is proportional to the concentration c. The proportionality constant £ is 
known as the molar absorptivity of the absorbing substance. 
x' =8.C (1.3) 
Lambert's law was thoroughly examined by Beer in 1852, and re-written to state that absorb-
ance (A) is proportional to the concentration of the absorbing substance, and to the thiclmess 
of the absorbing layer. This expression is now lmown as the Beer-Lambert law. It is usually 
used in atomic absorption spectrometry in the following form: 
A (1.4) 
where No is the number of absorbing (i.e ground state) atoms in the radiation path. If the ab-
sorbing atoms are produced from an element in solution, No is proportional to the element's 
solution concentration. 
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1.1.3 Atomic Absorption Spectrometry 
In 1955, independent publications by Walsh, I and Alkemade and Milatz2 recommended 
atomic absorption spectrometry as a generally applicable analytical method which combines 
the selectivity of atomic absorption and the linearity of the concentration-absorbance rela-
tionship. In subsequent years, it was principally Walsh and his CSIRO* coworkers who dev-
eloped atomic absorption into a sensitive and highly selective analytical method. The atomic 
absorption spectrometers developed by the early AAS researchers contained the same basic 
features that are now found in modern instruments (Figure 1.1). 
1.1.4 Atomic Absorption Instrumentation 
The essential parts of an atomic absorption spectrometer are a radiation source, an absorbance 
ceillatomiser, a monochromator, and a detector which is connected to an amplifier and a 
recording device. 
Radiation Sources: The specificity of AAS is largely due to the narrow width of the reso-
nance lines and the fact that elemental absorption takes place over a very narrow spectral 
range. The ideal radiation source for AAS would provide high intensity, extremely narrow 
emission lines. 
The most commonly used elemental emission source is the hollow cathode lamp (HCL). This 
uses an electric discharge between an anode and an elemental cathode to ionise an inert gas. 
The gas cation then strikes the cathode surface, dislodging atoms of the cathode material. 
Collisions with inert gas ions then excite the cathode-sourced atoms into radiating their spec-
tral lines. Hollow cathode lamps are available for about seventy different elements, and for 
most, provide sufficiently intense low-noise radiation. 
Radiation source Atomiser / 
Monochromator Detector Amplifier Recorder 
Figure 1.1 Schematic diagram of a modern atomic absorption spectrometer. 
*Commonwealth Scientific and Industrial Research Organisation, Australia. 
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The other most common radiation source used for AAS is the electrodeless discharge lamp 
(EDL). This consists of a sealed quartz tube which is filled with a few milligrams of the ana-
lyte element (as pure metal, halide, or metal with added iodine) under an argon pressure of a 
few hundred pascaL The tube is mounted within the coil of a high frequency generator (e.g. 
2400 MHz) and excited by an output from a few Watts up to 200 Watts. The filler gas forms 
a plasma, in which collisions with analyte vapour lead to dissociation, excitation and 
emission. Electrodeless discharge lamps have several advantages over hollow cathode lamps. 
Firstly, the emission lines are generally narrower than for hollow cathode lamps. They can be 
produced for all volatile elements, and they emit radiation that is orders of magnitude more 
intense than that emitted by hollow cathode lamps. The increased radiation intensity leads to 
better signal to noise ratios, and hence, better precision and lower detection limits. For some 
elements, especially arsenic where the detection limit is improved by an order of magnitude, 
electrodeless discharge lamps have almost entirely supplanted hollow cathode lamps.3 
Atomisers: The analyte eniission spectrum from the radiation source is passed through an 
atomiser which doubles as an absorption cell. Within the cell, the sample is present as atoms 
which are generated by thermal dissociation. The atomiser's most important function is to 
produce ground-state (i.e. absorbing) atoms from ionic or molecular analyte in the sample. 
Sensitivity is directly proportional to the degree of analyte atomisation, so depends strongly 
on atomisation efficiency. The original atomising technique used by Alkemade and Milatz2 
was to spray the sample solution into a flame using a nebuliser. This technique is still widely 
used, but has since been joined by others; the hydride, cold vapour and graphite furnace tech-
mques. 
It is necessary to eliminate interfering radiation emitted by the hot atomiser (flame etc). This 
is achieved by pulsing the output of the radiation source. The detector then receives two 
types of signal; an alternating one from the radiation source, and a constant one from the 
atomiser. An electronic filter is used to remove the constant signal, passing only the alternat-
ing signal from the radiation source to the amplifier. 
Monochromators: After passing through the atomised sample, radiation passes through a 
monochromator before reaching the detector. The monochromator's main purpose is to sep-
arate the analytical resonance line from the many emission lines produced by the source. 
Another is to reject radiation generated by flame emission or by the heated graphite furnace. 
Light passes into the monochromator through an entrance slit, and is focused onto a diffrac-
tion grating by a collimator mirror. Radiation falling onto the grating is reflected and 
dispersed in a wavelength dependent arc, a portion of which is reflected by a camera mirror 
and passed through a variable exit slit. Depending on the type of diffraction grating used, and 
the width of the exit slit, monochromators can resolve a bandpass of 0.05 to 10 nm.4 For 
practical purposes, a bandpass of 0.2 to 2.0 nm is sufficient to adequately resolve most 
elemental resonance lines. 
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Detectors, Amplifiers and Recorders: Radiation passing through the monochromator slit 
is measured using a photomultiplier tube. The resulting signal is then amplified and fed to a 
recording device. In early instruments this comprised an analog gauge andlor a chart 
recorder. Modern instruments generally use a dedicated microcomputer that is also used for 
controlling instrumental parameters and for data manipulation. 
flame atomiser-AAS used by Walsh,1 and Allcemade and Milatz2 is now established as a 
routine procedure in all branches of inorganic elemental analysis. For most metals, possible 
intelferences are wellimown, and easily controlled.s Analysis in the mg L-1 (ppm) is 
highly reproducible for many elements, and with quality instruments, precision of 0.2% RSD 
can be achieved. 6 
1.2 ELECTROTHERMAL ATOMIC ABSORPTION SPECTROMETRY 
1.2.1 The Graphite Furnace AtomiseI' 
The search for enhanced detection limits in AAS led L'vov to conceive the graphite fumace.7 
The flame atomiser is inefficient for two main reasons. Firstly, the nebuliser introduces only 
1 15% of the sample solution into the flame. 3 Secondly, because of the flame's buming 
velocity, sample atoms are rapidly swept out of incident radiation beam. These two 
inefficiencies serve to limit the number of atoms in the light path at anyone time, hence 
lowering sensitivity. L'vov sought to eliminate both of the flame's inefficiencies by using a 
heated graphite tube as an atomiser. In L 'vov' s apparatus, the graphite tube was mounted so 
that the beam fi'om a hollow cathode lanlp passed through tube's centre. The sample was 
dried onto the tip of a carbon electrode which was then inserted through a hole into the 
graphite tube. The sample was atomised by a de arc and the transient atomic absorbance 
recorded. In tlns system the entire sample volatilises and most is atomised, thus removing 
nebuliser inefficiencies. In addition, the residence time of the sample atoms in the radiation 
beam is greatly increased. With an improved version of this atomiser, L'vov obtained 
absolute detection limits between 10-10 g and 10-14 g; better by several orders of magnitude 
than the limits of flame-AAS.8 Following L'vov's early work, Massmann proposed a much 
simpler method for graphite fumace atomisation.9 In Massmann's system, 50 J..lL of sample 
was introduced into a 5 em long graphite tube through a small hole in the tube walL The tube 
was then heated resistively by passing a high current (500 A) at low voltage (10 V) through it. 
This resistance heating permitted fine temperature control, so optimum atomisation conditions 
could be selected for each element. The Massmann furnace was constantly purged by a 
stream of argon to prevent atmospheric oxygen from oxidising the tube. This gas purging 
reduced the residence time of atoms in the tube, and led to detection limits an order of 
magnitude poorer than those obtained by L'vov. Also, Massman's atomisation time was 
longer because the resistance heating rate is slower than for L'vov's dc-arc atomisation. 
However, the simplicity of Massman's system led to it being used as the basis for modem 
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simplicity of Massmann's system led to it being used as the basis for modern graphite furnace 
atomisers which have now largely overcome the early system's deficiencies. 
Graphite furnace atomic spectrometry is now generally referred to as electrothermal atomic 
absorption spectrometry (ET AAS). A modern electrothennal atomiser is shown in Figure 1.2. 
At the heart of the modern graphite furnace atomiser is the furnace. Of the many different 
materials that have been used as atomisers, none has been as successful as the pyrolytically-
coated graphite tube. 10 In order to ensure good sensitivity and reproducibility, the furnace 
must exhibit certain properties. Such requirements include: low porosity, chemical inertness, 
low levels of metal impurities, good thermal and electrical conductivity, high rigidity, high 
melting point, reasonable cost, good machinability, and low thermal expansion. As a furnace 
material, graphite satisfies many of these criteria, but does have problems with porosity and 
chemical inertness. By coating the furnace with a layer (ca. 30)lm thick) of pyrolytic 
graphite, the sample is prevented from penetrating the tube, thus reducing memory effects. 
The pyrolytic coating also lessens carbide fonnation; a problem often associated with refrac-
tory elements. 
1.2.2 Graphite Furnace Operation 
In principle, the graphite furnace operating protocol is simple. The furnace is clamped longi-
tudinally between two graphite electrodes as shown in Figure 1.2. The sample is injected 
(usually by an autosampler) through the hole in the top of the furnace and onto the furnace 
wall. The furnace is then heated by passing a current between the two supporting electrodes. 
The furnace temperature is slowly raised to the solvent's boiling point to dry the sample 
("drying" step). Then the sample is pyrolysed by raising the temperature to a point where 
matrix components are decomposed but the analyte is not volatilised ("pyrolysis" step). 
Quartz 
Window 
Radiation 
Path 
Cooling 
Water 
Sample Injection / 
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Graphite 
Electrodes 
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Flow 
Figure 1.2 Modern electrothermal atomiser (GBC GF3000). 
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When pyrolysis is complete, the furnace temperature is ramped rapidly ( > 1000 DC S-I) to a 
value where the analyte is atomised ("atomise step"). During the atomise step (three to five 
second duration), the absorbance is measured, and the sample concentration can be read from 
a calibration curve. During the drying and pyrolysis steps of the temperature program, the 
furnace is bathed in an inert gas (usually nitrogen or argon) to prevent atmospheric oxygen 
from oxidising the graphite; the inert gas flow also serves to accelerate the sample drying. In 
order to extend the residence time of atoms within the furnace, the inert gas flow is switched 
off prior to atomisation. The furnace is then allowed to equilibrate for up to ten seconds 
before atomising. J 1 A typical temperature versus time profile for the graphite furnace is 
shown in Figure 1.4. 
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Figure 1.4 Typical temperature versus time profile for graphite furnace atomisation. 
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Although the operating principles for the graphite furnace atomiser are simple, there are many 
reasons why measurements may be inaccurate. Such inaccuracies are often associated with 
sample matrix components (interferents) which enhance or diminish the production of atoms, 
relative to aqueous standards. 
1.3 INTERFERENCES IN ETAAS 
Two classes of interference are encountered in ET AAS. Spectral interferences generally arise 
when absorption by an interfering atomic or molecular species overlaps, or lies so close to the 
analyte absorption that resolution by the monochromator becomes impossible. Chemical int-
elferences result from various chemical interactions that suppress or enhance analyte volatili-
sation and atomisation. 
1.3.1 Spectral Interferences 
Various spectral interferences can be encountered in ETAAS. Most can be traced to 
molecular species produced by the volatilised sample matrix, however some are a direct result 
of overlapping spectral lines. In the. latter case for example, a vanadium line at 308.211 nm 
interferes with an aluminium analysis at 308.215 nm. Because it is not possible to resolve 
such close wavelengths, the aluminium analysis is accomplished employing the 309.27 nm 
aluminium line instead. In addition to sample-derived interferences, emission lines from the 
HCL or EDL filler gas (neon or argon) may fall within the spectral bandpass of the 
monochromator. Such "direct spectral overlaps" are rare, and can be predicted from tables of 
overlapping elemental resonance lines.4 More common and more difficult to control are the 
interferences caused by sample matrix components. 
In ETAAS, sample matrix components cannot always be removed during the pyrolysis step. 
During the atomise step, any remaining components are volatilised along with the analyte. 
Problems arise when these components persist as molecules or particulates in the gas phase. 
For example, when determining lead in a sodium chloride medium, the lead is atomised and 
the sodium chloride volatilised at the same temperature; ca. 1100 °C. Radiation scattering by 
non-volatilised particles, or broad-band molecular absorption by concomitant species such as 
NaCI(g) gives rise to non-specific or background absorption. 
In practice, it is difficult to differentiate the two causes of background absorbance, however 
the same measures are taken to counter each. The first strategy is to distinguish between ana-
lyte and interferent (background) absorbances by using their differing spectral characteristics. 
This approach is known as background correction. The alternative strategy is to alter the 
sample matrix in such a way that the analyte and interfering species are no longer volatilised 
at the same temperature. This technique, known as chemical modification, is discussed in 
section 1.3.2. 
Chapter One Introduction 15 
1.3.1.1 Background Correction 
Several different types of background conection system are used in All are varia-
tions on the same concept. The absorbance at the wavelength of the analytiealline is the sum 
of the atomie absorbance and of all other interfering absorbances. If the interferent 
absorbance can be measured separately (eg. at another wavelength), then the atomic absorb-
ance can be calculated by difference. The two most popular methods used to achieve this are 
the Continuum Source, and Zeeman background conection systems. 
Continuum Source Background Correction 
Light dispersion by particulates and absorption by molecular species is generally across a 
broad band whereas atomic absorption is restricted to a narrow resonance line. This 
difference can be exploited by passing radiation from two different light sources alternately 
through the graphite tube atomiseI'. One source, a deuterium lamp, provides a continuous 
source of radiation across the ultraviolet spectrum (190-350 nm). The other source, an EDL 
or HeL provides the atomic resonance line. Because the monochromator band pass is wide 
relative to the resonance line, the fraction of the continuous source radiation absorbed by 
analyte atoms is negligible. Therefore the absorbance measured using the continuous source 
represents background (molecular) absorbance. The absorbance measured at the resonance 
line using the atomic source, represents the sum of the background and atomic absorbances. 
The atomic absorption is calculated by difference. 
This system works well within celiain limits. Because the deuterium arc lamp used as a cont-
inuum radiation source has a low output in the visible region, background correction is 
limited to the ultraviolet (although this is where molecular absorption is prevalent). Also, if 
the analyte concentration is high, then the amount of continuum radiation absorbed by analyte 
atoms becomes significant, and may result in overcorrection. For this reason sample 
absorbances should be kept below 0.7 absorbance units, diluting when necessary. The 
continuum source method cannot adequately compensate for highly structured background 
absorption. Also, it is limited to a maximum background absorbance of around 1.0 
absorbance units,3 a value easily reached, given that matrix components are often present at 
more than 106 times the analyte concentration. 
Zeeman Background Correction 
When an atomic vapour is exposed to a strong magnetic field (1-10 kG), the electronic energy 
levels in the atoms are split. This splitting leads to several closely spaced spectral lines aris-
ing from each principal electronic transition. The lines differ from one another by about 
0.001-0.005 nm with the sum of the lines' intensities being exactly equal to the original line 
from which they were fOlmed. This phenomenon, known as the Zeeman effect, is general for 
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all atomic spectra. The simplest splitting pattern, which is seen for singlet transitions leads to 
a central, or 1C, line at the same wavelength as the original line, flanked by two equally spaced 
cr lines. This is known as normal Zeeman splitting. Spectral lines which arise from non-sing-
let transitions split into more than three components; anomalous Zeeman splitting. 
When Zeeman splitting occurs, not only do the spectral lines split, but the radiation is also 
polarised. The plane of polarisation depends on the direction of the magnetic field relative to 
the direction of observation (for ETAAS, this is always along the axis of the radiation beam). 
If the field is applied at right angles to the radiation beam, the 1C component (of the relevant 
energy transition) is polarised in a plane parallel to the magnetic field and the cr components 
are polarised in a plane perpendicular to the magnetic field. Known as the transverse Zeeman 
effect, this is the arrangement usually used for background correction in ETAAS. The alterna-
tive situation occurs when the magnetic field is parallel to the radiation beam. In this case, 
lmown as the longitudinal Zeeman effoct, the 1t component is missing from the spectrum and 
only the a components (which are circularly polarised) are observed. 
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Figure 1.5 Il1verse Zeeman-effect background cOl1'ection- transverse magnetic field configuration. 
Chapter One Introduction 17 
Because the Zeeman effect is a consequence of splitting energy levels within the atom rather 
than the actual spectral lines, the magnetic field must be applied directly to a cloud of atoms. 
There are two possibilities in ETAAS; the magnetic field can be applied to the atom cloud in 
the radiation source (direct Zeeman effect), or to the atom cloud in the atomiser (inverse 
Zeeman effect). Most ETAAS instruments use the inverse background effect because conven-
tional radiation sources perform poorly when placed in strong magnetic fields. 
There are several ways of using the Zeeman effect for ETAAS background correction, how-
ever practical considerations have made one approach particularly popular. In this system, 
(shown in Figure 1.5) a rotating polariser is placed between the radiation source and the fur-
nace. The polariseI' altemately splits the radiation beam into two components, plane polarised 
at 90 0 to each other. The furnace is placed in a magnetic field, splitting the energy levels of 
gas-phase analyte atoms. Since the radiation source emits the original (unsplit) resonance 
line, this radiation cannot be absorbed at the wavelengths of the (J components. The n 
component for the analyte can only absorb when the radiation is polarised in a direction paral-
lel to the magnetic field. Thus when the radiation is polarised parallel to the magnetic field, 
both atomic (n) and background absorption are measured. When the radiation is polarised in 
a direction perpendicular to the magnetic field, the n component for the analyte no longer ab-
sorbs and only the background absorbance is measured. As for the continuum source method, 
the atomic absorption is calculated by difference. 
Zeeman-effect background correction can COlTect for very high background absorbances (up 
to 2.0 absorbance units3) and for very closely overlapping spectral features. Further, the 
correction is made at or very close to the atomic absorption line, allowing correction for 
highly structured backgrounds. Although clearly superior to the continuum source method, 
Zeeman background correction still has limitations. A variety of "Zeeman-specific" effects 
and interferences can arise. Such anomalies include: spurious signals indirectly caused by 
thermal gradients around the atomiser,12 spectral interferences induced by splitting of 
molecular absorption bands,13 and rolled-over calibration curves which can occur if (J and n 
components are insufficiently separated.3 The complexities of the Zeeman system require an 
operator who has a thorough understanding of Zeeman background correction and its possible 
effects. FUlihermore, a Zeeman-effect ETAAS system is more expensive than other ETAAS 
systems because of the additional equipment required. 
1.3.2 Chemical Interferences 
Chemical interferences are a major problem in ETAAS. These interferences are caused by 
interactions between the analyte, and the sample matrix components, fumace, or sheath gas. 
However, all lead directly or indirectly to a lower atomic population on atomisation and hence 
to decreased sensitivity. 
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Chemical interferences can be divided into those that originate in the condensed phase and 
those that originate in the vapour phase. Condensed phase interferences include: 
i) Analyte losses during pyrolysis, and early volatilisation during the atomise step 
due to volatile compound formation. 
ii) Incomplete volatilisation during the atomise step due to occlusion, or formation of 
refractory compounds. 
iii)· Processes that change the rate at which the analyte is volatilised. 
Vapour phase interferences include changes in the rate at which the analyte is removed from 
the furnace, and formation of analyte molecular species in the gas phase. For example, reac-
tions of analytes with oxygen, nitrogen and carbon to form oxides, nitrides and cyanides. 
Vapour phase interferences commonly relate to dissociation equilibria of element related 
components. For example, when chlorides are present during lead atomisation, PbCh(g) 
occurs at temperatures below 900°C, howcver Pb(g) is the preferred species at temperatures 
above 1200 0c. 3 The rate at which the chloride is converted to the metal affects analytical 
sensitivity. 
Many types of chemical interferences have been documented and reviewed,3,14,15 but there is 
one that deserves special mention. Of all the interferences encountered in ET AAS, the most 
significant are those arising from chloride. The chloride ion is a common species in many 
media, especially in mal'ine samples and in biological extracts and fluids. Not only is the 
chloride ion ubiquitous, but it directly or indirectly suppresses the analytical absorbances for 
manyelements.3 The mechanisms by which it does so have been the target of several recent 
studies. 16-18. There is a general consensus that chloride interferes through a variety of inde-
pendent mechanisms. Because these are common to many other interferents, the chloride 
mechanisms serve to illustrate typical modes of chemical and spectral interference. 
The most severe chloride interferences are observed when metals which form chlorides with 
low melting points (e.g. lead and cadmium) occur in chloride-containing media. During the 
pyrolysis stages the volatile metal chlorides may be swept from the furnace by the sheath gas; 
they can also condense on the cooler ends of the fumace.* Low temperature volatilisation can 
partly be countered by reducing the pyrolysis temperature to retain the analyte chloride. 
However, this creates further problems when the chloride matrix components and analyte are 
co-volatilised on atomisation. 
On atomisation, the fumace is heated directly by a high current, but the atmosphere inside the 
fumace is only heated indirectly through convection and radiation from the furnace walL 
Because of this indirect heating, there is a temporal lag between the temperature of the 
* For longitudinally mounted furnaces, the tube ends are cooler than the centre because they are in contact with 
the water-cooled electrodes. 
Chapter One Introduction 19 
furnace wall and the atmosphere inside the furnace. Therefore, when analyte chlorides are 
volatilised from the furnace wall, they enter a gas phase of a lower temperature. If the 
temperature is too low, the analyte chloride may be expelled from the furnace before it can be 
atomised. In some cases, where the analyte is volatilised in atomic form, it may react with 
chloride species (especially hydrogen chloride) in the cooler gas phase to form molecular 
species -thus reducing the atomic population and hence absorbance. This has a two-fold 
effect on analysis. Firstly, molecular chloride formation lowers the apparent atom 
concentration, decreasing sensitivity; and secondly, the molecular absorbance adds to the 
background that must be subtracted by the background correction system. Chlorides 
condensed in the furnace ends during drying and pyrolysis contribute to this, but with one 
additional problem. Because the furnace-end temperature lags behind that of the middle, 
species at the fumace ends are volatilised and atomised later than species in the middle. This 
change of atom supply rate, serves to broaden the analytical absorbance profile and can also 
decrease sensitivity. In extreme cases, double absorbance peaks, or sample carryover have 
been observed. Cumulatively, the extensive problems encountered with chloride interference 
are so severe that in some cases, such as seawater analysis, the sodium chloride content is too 
high to allowthe direct determimition of many metals unless remedial measures are taken. 
ThTee different approaches are commonly used to combat chloride and other chemical inter-
ferences: the stabilised temperature platform, chemical modification, and matrix removal 
methods. 
1.3.2.1 The Stabilised Temperature Platform 
In L'vov's original graphite furnace atomiser,7 the sample was atomised into a pre-heated 
(isothennal) furnace; a furnace design that suffered from fewer interference problems than are 
encountered with the Massmann-type furnace. 19,20 This is largely because in an isothermal 
furnace, the sample and concomitant interferents are atomised into an atmosphere of sufficient 
temperature to effect complete dissociation. Several isothermal furnace designs have been 
proposed. Woodriff and Ramelow21 introduced the sample into a preheated tube using a 
small graphite cup, while Manning et al. 2o dried the sample onto a tungsten wire which was 
then introduced to the preheated furnace. An alternative approach was taken by Chakrabarti 
et al,22 who used rapid furnace heating (up to 100 K ms- 1) to reduce the lag time between 
heating the furnace tube, and the furnace atmosphere. Due to its simplicity, the most com-
monly adopted means of approximating isothermal furnace conditions is the L'vov or sta-
bilised temperature platform (STP). First suggested by L'vov,23 the stabilised temperature 
platfonn is a small piece of pyrolytic graphite which is installed in the graphite furnace as 
shown in Figure 1.6. Graphite is a poor thermal conductor, and because the platform is in 
minimal contact with the furnace, it is heated indirectly by the furnace gases rather than by the 
furnace walls. Because of this indirect heating, the temperature of the platform lags behind 
that of the furnace gases and walls. Sample deposited on the platfonn is volatilised into a hot-
ter (and approximately isothermal) atmosphere, thus minimising vapour-phase interferences. 
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Although isothermal furnace designs have greatly reduced the effects of many interferents, 
they still do not prevent the loss of volatile samples during pyrolysis. To seek a solution to 
this problem, analysts have turned to chemical modification. 
a. 
Figure 1.6 (a) The stabilised temperature platform, and (b) cutaway view of the platform installed in the 
furnace. 
1.3.2.2 Principles of Chemical Modification 
The objectives of chemical modification are to increase analytical sensitivity, and/or to reduce 
the effects of interferents. These are achieved by adding an excess of a reagent (modifier) 
which chemically alters the analyte, the sample matrix, or the furnace surface. There are two 
principal mechanisms by which chemical modification can improve the propeliies of an ana-
lyte. 
Firstly, adding an excess of modifier ensures that the analyte is all present in the same chemi-
cal fonn and is atomised via the same mechanism. Usually, such a modifier includes an anion 
that forms a thermally stable compound with the analyte. A common example of this type of 
modification is the addition of nitric acid to samples prior to analysis. Unless high concentra-
tions of other matrix components (e.g. chloride ion) are present, the modification ensures that 
the analyte is all present as a nitrate. This increases thermal stability for many volatile ana-
lytes, and promotes uniform atomisation characteristics. 
Secondly, modification can be used to decrease analyte volatility; this "analyte stabilisation" 
has numerous beneficial effects on sensitivity and on interference reduction. 
(i) Reduced analyte volatility prevents analyte losses and transport in the furnace 
during the pyrolysis stage. 
(ii) When the analyte is thelmally stable, higher pretreatment temperatures can be 
used. This permits more efficient interferent removal during the pyrolysis stage. 
(iii) For a thermally stabilised analyte, atomisation is delayed until higher temper-
atures; at this point, furnace conditions are closer to isothermal. The increased 
temperature gives improved dissociation of volatilised species and hence, reduces 
vapour phase interferences and improves sensitivity. 
(iv) When modification increases analyte stability relative to that of interferents, there 
is a greater temporal separation between the analyte and background signals on 
atomisation. This permits more effective background correction and reduces the 
likelihood of interfering gas phase reactions between the analyte and other matrix 
components. 
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There are a variety of mechanisms by which a modifier can thermally stabilise an analyte. 
The mode of action generally depends on the type of modifier. Tsalev et at.24 have recently 
proposed classifying inorganic matrix modifiers into three main groups. 
Group 1: Includes Mg, Ca, Sr, Sc, Y, La, Ba, Ce and AI. In the graphite furnace, up to temp-
eratmes of 1300-2000 DC, these modifiers are present as refractory oxides. At higher temp-
eratmes, they form salt-like carbides. These metals probably stabilise analytes by forming 
mixed oxides between the analyte and the modifier. Thus the analyte is occluded within the 
refractory bulle matrix of modifier. 
Group Includes Zr, Hf, V, Mn, W, Fe, Co, Nb and Cr. The oxides of these modifiers 
are transf01111ed to metal-like carbides at lower temperatmes than the first group of metals. 
Analyte stabilisation is probably effected by occlusion within refractory modifier oxides at 
low temperatmes before the modifier begins to form carbides. 
Group 3: "Metal" modifiers, include: Ni, Cu, Rh, Pd, Ag, Jr, Pt, Au, and Ru. Salts ofthese 
metals are reduced to elemental form at relatively low temperatmes, generally below 1000 DC. 
T'hese modifiers are thought to thermally stabilise analytes by forming solid solutions and/or 
analyte-modifier compounds that are entrapped within the bulk modifier. 
A number of organic modifiers such as ascorbic acid, EDTA and Triton 100 have also been 
used successfully. Organic modifiers work in different ways depending on their class. Strong 
complexing agents such as EDTA displace chloride from the analyte, thus preventing low 
temperatme loss of volatile chloddes.25 Modifiers such as ascorbic acid are believed to work 
by assisting analyte reduction (to metallic form). Thermal decomposition of the modifier 
during pyrolysis, forms carbon monoxide and active carbon which are dispersed with the 
analyte. Analyte reduction by the active carbon leads to enhanced atomisation ldnetics and 
hence improved sensitivity.26 
An alternative approach to analyte stabilisation is to promote the atomisation of volatile ele-
ments, before matrix vaporisation begins. This method allows temporal separation of the ana-
lyte and background signals. For example, Guevremont27 used a citric acid modifier to 
directly detennine cadmium in seawater. Modification was effected by mixing the seawater 
sample with 0.1 % (w/w) citric acid solution. Upon analysis, sharp cadmium absorption peaks 
were obtained with maximum absorbances at 600°C; the background absorbance did not 
become significant until temperatures above 900 DC. The authors used the same approach to 
determine zinc in seawater.28 A citric acid concentration of 0.5% (w/w) produced zinc peaks 
with maxima at 650°C; the background absorbance did not become large until temperatures 
above 1000 DC. 
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Other reported analyte modifications include decreasing the thermal stability of non-volatile 
and carbide-forming elements. For such elements, adding suitable modifiers increases 
sensitivity, and allows reduced atomisation temperatures and durations-resulting in 
increased furnace lifetimes. Nater et al. successfully applied this technique to aluminium 
detennination.29 Addition of a fluoride modifier promoted aluminium atomisation as fluoride 
at 1630 °C. The atomisation temperature (using the same experimental setup) of the more 
usual aluminium oxide was estimated at 1785 0c, A similar technique was used by Scott et 
al. to determine molybdenum.3D A fluoride modifier decreased the molybdenum appearance 
temperature, and increased sensitivity by as much as 80%; interference from biological 
sample matrices was also reduced. 
As an alternative to modifYing the analyte properties, interferences can be reduced by altering 
sample matrix properties. The classical approach to matrix modification has been to convert 
inteliering concomitants into volatile species that are more readily eliminated during the pyro-
lysis stage. An example of tlus, is the addition of ammomum modifiers to chloride-containing 
samples to promote ammonium chloride formation; this sublimes at a temperature of only 
340°C, compared to sodium chloride which boils at 1413 °C.31 
Properties of Chemical Modifiers 
In addition to its modifYing properties, a useful chemical modifier must have several other 
attributes. 
(i) The modifier must be available in a highly pure form so that it doesn't contribute trace 
amounts of analyte to the analysis. 
(ii) The modifier must not contain an element that may be a future analyte. Some modifiers 
ineversibly contaminate the graphite parts of the atomiser and cannot be determined at a 
later stage as analytes. An example of such a modifier is nickel, which is also a 
routinely detennined element. 
(iii) The modifier should 110t contribute any background absorption of its own. For example, 
phosphate-containing modifiers which were popular in the early development of 
ETAAS, produce a UV spectrum that often requires Zeeman-effect background correc-
ti011. 24 
(iv) Some modifiers such as lanthanum have been shown to corrode graphlte.32 The change 
in smiace morphology degrades long-term stability, and shortens furnace life. Such 
modifiers are less than ideal. 
(v) Modifiers should be non-toxic; reagents such as barium, chromium, manganese and 
thorium, which produce toxic or carcinogenic vapours are undesirable. 
(vi) Some modifiers are prone to hydrolysis and are difficult to keep in solution. The ideal 
modifier is chemically stable. 
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In addition to the afore-mentioned properties, the ideal modifier would be applicable across a 
wide range of elements and sample matrices. Since the inception of ET AAS, scores of 
prospective modifiers have been suggested and trialed, however, most of these modifiers have 
fallen short in one or more aspects of their performance. * The fact that so many possible 
modifiers exist, suggests in itself that selecting a chemical modifier for a particular analytical 
problem is a demanding task. To simplify modifier selection and to reduce the range of modi-
fiers required, a popular goal has been to identify a chemical modifier that is effective across a 
wide of applications. 
Research over the past ten to fifteen years has detelmined that a "universal modifier" does 
indeed exist. Palladium, and combinations of palladium with other metals (or their salts) have 
been shown to thennally stabilise most volatile analytes (in a variety of matrixes) by hundreds 
of degrees, thus improving sensitivity and reducing interferences for many elements. 36 
Although hailed as a universal, and therefore general purpose modifier, the performance of 
palladium is not necessarily inferior. For many elements, palladium is demonstrably superior 
to alternative, more specialised modifiers. 37 Thus, for many applications, palladium has 
become the modifier of choice. A more detailed discussion of palladium modifiers and their 
modes of action is given in section 3.1. 
1.3.2.3 Matrix Separation 
Background correction and chemical modification aim to minimise interferent effects during 
analysis. The alternative approach is to separate the analyte from the sample matrix before 
analysis takes place. This can readily be achieved using classical means such as solvent ex-
traction, or ion exchange. Such techniques effectively separate the analyte and sample matrix, 
and can also be used to pre concentrate the analyte. Unfortunately, thcse processes are time 
consuming, prone to contamination, and can also generate hazardous wastes. 38 An alternative 
is to separate analytes from sample media by electrodeposition. Ex-situ electrodeposition 
techniques can suffer from the same disadvantages as the classical separation methods 
(cumbersome and prone to contamination) however, recent advances using in-situ deposition 
have overcome these difficulties. A full discussion of electrodeposition-coupled ETAAS is 
given in section 1.5. 
* A discussion of the many modifiers that have been proposed, their uses, properties, and their modes of action, is 
beyond the scope of this introduction. However, for further information the reader is directed to several 
excellent reviews on chemical modifiers. Modifiers in general have been reviewed by Carnrick et al,33 Ni and 
Shan,34 and Tsalev et al.24 Organic modifiers have been recently reviewed by Volynskii.25 Tsalev has collated a 
bibliographic index of articles devoted to various aspects of chemical modifiers published between 1973 and 
1989. 35 
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1.4 ETAAS: RELATIVE ATTRIBUTES 
Trace analysis deals with analytes present at the part per million (ppm) level or below. In the 
past, such concentrations were difficult to quantify because the necessary technology was not 
available. Nowadays however, there are several ultra-sensitive analytical techniques that can 
be used to study trace elements in biological systems and the environment. These include 
neutron activation analysis (NAA), anodic stripping voltammetry (ASV), ETAAS, induc-
tively-coupled-plasma atomic emission spectrometry (ICP-AES) and inductively-coupled-
plasma mass spectrometry techniques (ICP-MS). 
Neutron activation analysis is a multi-elemental technique that can be used to determine as 
many as seventy elements with great precision and accuracy.39 It is one of the most sensitive 
analytical techniques known, with detection limits as low as 10-12 g for some elements.4o 
Samples irradiated with neutrons release gamma-radiation which is specific for each 
irradiated nucleus. Neutron activation analysis involves irradiating samples with neutrons and 
quantifying the resultant gamma-radiation emissions. There is little need for sample 
pretreatment and chemical interferences are not a problem. Unfortunately, the technique 
requires highly trained technicians and a source of high-energy thermal neutrons, usually 
found in the form of a nuclear reactor; a facility that is not readily available to many analysts. 
This requirement is probably the main reason why neutron activation analysis has not been 
adopted as a routine analysis method. 
There are two teclmiques based around the inductively-coupled plasma (ICP). The first, ICP-
atomic emission spectroscopy (ICP-AES) compares favourably with flame atomic absorption 
spectrometry (AAS). ICP-AES is relatively interference-free, and although it is only slightly 
more sensitive than AAS, it is much faster because many elements can be determined in one 
analysis. Unfortunately, for many environmental applications, ICP-AES like AAS, is insuf-
ficiently sensitive. 
The second technique based on the inductively coupled plasma is ICP-mass spectrometry 
(ICP-MS). This possesses both the multi-element capabilities of ICP-AES and extremely 
high selectivity and sensitivity. For some elements, the detection limits are similar to those 
found in neutron activation analysis. ICP-MS is free of spectral interferences, but sample 
matrix interferences are a problem. The calTier gas, usually argon, forms an alTay of vapour 
phase combinations with materials from the matrix, including oxygen, hydrogen, chlorine, 
nitrogen, phosphOlUS and more.41 Any isotopes present that are nearly the same mass as anal-
yte isotopes cause problems. Thus ICP-MS should only be used by experienced analysts. In 
addition, ICP-MS instlUmentation is very expensive, and because of high argon usage, incurs 
high lUnning costs. For these reasons ICP-MS is restricted to specialist laboratories. 
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The two remaining techniques, ASV and ETAAS have quite different attributes. However, 
both use readily available instrumentation and have been widely accepted as routine methods 
for trace metal analysis. In situations where both techniques are available, the choice of 
method is dictated by the element to be determined, the sample matrix and whether any other 
information with respect to analyte speciation is required. 
ASV using pulsed stripping methods is an extremely sensitive technique with detection limits 
below 0.01 ppb for some elements.42 Other advantages of ASV include: 
• an in-situ preconcentration step which separates the metallic analyte from its 
matrix 
ready analysis of samples in high salt matrices such as biological digests and sea-
water43 
simultaneous analysis for up to four elements 
the possibility of speciation studies as the technique is only sensitive to labile ions. 
As with all techniques, ASV has its disadvantages. It requires handling, use, and disposal of 
metallic mercury. If solid metal electrodes are used in place of mercury, irreproducible elec-
trode surfaces degrade the analytical precision. In samples where a strong electrolyte is not 
present, one must be added, thereby increasing the risk of sample contamination. The mini-
mum sample volume is around five millilitres, so smaller samples must be diluted to volume. 
The biggest drawback of ASV lies in the limited number of analytes that can be determined 
by the technique. Suitable analytes must be capable of forming an amalgam when reduced, 
and the analyte must also be oxidised reversibly at a potential lower than that for mercury. 
Metals such as Ni or Co which don't display reversible electrochemical behaviour at the 
mercury electrode are also beyond the capabilities of ASV. Such metals can be determined 
using adsorptive stripping techniques that incorporate electro-active ligands (AdSV). While 
adsorptive stripping can yield extremely low detection limits (10-8_10-10 M),41 the different 
analytical conditions required for each element demand specialist knowledge of the analyst. 
Thus AdSV is used more as a research technique than a routine analysis method. 
For ASV analysis, the analyte must be reducible at the mercury electrode surface. Thus the 
analyte must be present in a labile form such as the simple aqua ion. To obtain a total metal 
analysis, metals that are strongly complexed, or bound to proteins or colloids must firstly be 
released by acid digestion and/or UV photolysis. This may also be necessary to prevent 
macromolecules in the sample from 'poisoning' the electrode surface.44 Another major 
disadvantage of ASV is its low resolution, which can result in a high concentration of one 
analyte masking a lower concentration of another. 
ETAAS is able to measure as little as 10-1°_10-13 g ofanalyte in samples of between 0.5 and 
30 ).lL.39 In-situ decomposition (pyrolysis) to release metal bound in complexes, proteins and 
organics dictates that the technique measures only total metal content. Thus, speciation 
26 Electrodevosition and Electrodevosited Modifiers in ETAAS 
within a sample is of little relevance; it is neither accessible nor a source of interference. As 
many as 70 elements can be determined using ETAAS, a far greater range than is possible by 
ASV (20 elements). The other major advantage of ETAAS over ASV is its ease of 
automation. Microprocessor controlled ETAAS systems completc with automated sample 
handling and injection have been available since the mid 1970's whereas similar autosampler 
instruments for ASV have only recently become available. Although ETAAS has become a 
standard analytical method over recent years, there are still samples that present problems-
even when using Zceman background correction, furnace modificrs, and the stabilised 
temperature platform. In high chloride matrices such as seawater or blood, determination of 
volatile elements;; and elements that form volatile chlorides is diftlcult45 and requires prior 
dilution46 or matrix separation.47,48 Trus limitation on an otherwise versatile technique has 
been the subject of a great deal of research. 
One promising approach that has been used to counter analyte volatility problems, is to sepa-
rate the analyte from its sample matrix by electrodeposition prior to ETAAS analysis. The 
analyte can be deposited onto an electrode which is then removed from the sample matrix and 
placed into an electrothermal atomiser for analysis. The electrode can be a wire with a high 
mclting temperature (e.g. tungsten), carbon, or a graphite furnace tube. Alternatively, the 
electrodeposition can be carried out in-situ with the electrode installed in, or used as thc 
atomiser. Full reviews of ex-situ, and in-situ electrodeposition methods for KLAAS arc given 
in scctions 1.5.2 and 1.5.3 respectively, 
1.5 ELECTRODEPOSITION-COUPLED ETAAS 
1.5.1 Electrodeposition 
1.5.1.1 Electrodeposition Theory 
Electrodeposition is well established as a preconcentration method and forms the basis of 
such important analytical techniques as anodic stripping voltammetry and potentiometric 
stripping analysis. The electrodeposition process is a complex interaction of many variables 
including the nature of the analyte and its concentration, the material and size of the electrode, 
and the deposition potential and current density. However, there are several steps that are 
common to all electrodeposition processes. These processes are summarised overpage and in 
Figure 1.7. 
* A number of elements that are volatilised even in the absence of a matrix, at temperatures below] OOOoC, are 
commonly referred to as "volatile elements",34,37 Elements in this category generally form volatile chlorides. 
This group includes such elements as antimony, arsenic, bismuth, cadmium, lead, selenium, tin, and thallium. 49 
Conversely, metals which have very high melting points, or form refractory compounds (particularly carbides) in 
the furnace, are referred to as "refractory elements". 
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(i) Diffusion of ions in solution to the electrode surface. 
(ii) Electron transfer at the electrode surface. 
(iii) Partial or complete loss of the solvation sheath , resulting in ad-atom formation. 
(iv) Surface diffusion of ad-atoms. 
(v) Clustering of ad-atoms to form critical nuclei on the electrode surface. 
(vi) Development of crystallographic and morphological characteristics of the deposit. 
ion ion 
ad-atom cluster growth centres 
Figure 1.7. Some of the steps involved in metal electrodeposition on a solid electrode 
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For electrodeposition to occur, the applied potential must be of sufficient magnitude to effect 
reduction. The equilibrium potential for the metal ion in solution can be calculated according 
to the Nernst equation: 
E Eo 0.0591 Qox eq = +-- og--
n aRe 
(1.5) 
where E(J is the standard electrode potential, n is the number of electrons involved in the half-
cell, aox is the activity of the metal ion at the electrode, and aRe the activity of the reduced 
species at the electrode surfaceso . When the reduced species (Re) is a solid, aRe is approxi-
mately equal to one. Hence E eq is dependent on aox , and therefore to the initial concentration 
of the metal ion in sol uti on. 
Having selected a suitable deposition potential, the rate controlling step for a direct reduction 
process is generally diffusion of ions from the bulk solution to the electrode surface where 
reduction takes place. The region next to the electrode surface that has been depleted of metal 
ions (by reduction) is known as the Nernstian or diffusion layer. Stirring the solution 
decreases the thickness of this layer. If the solution is stirred sufficiently quickly, the 
diffusion layer thickness can be red uced to as little as tens of microns. 51 In this situation, the 
e1ectrodeposition rate for a simple first-order process can be calculated for the reduction of 
species ox to species re. 
ox + n.e- ~ re ( 1.6) 
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Assuming that a linear concentration gradient in ox is set up across a diffusion layer of 
constant thickness, and the potential of the working electrode is sufficiently negative that the 
concentration of ox at the electrode surface is (essentially) zero, then the initial current i is 
given by equation 1.7, 
i = nFAkDC* 
ox 
(1.7) 
where is the Faraday constant, A the electrode surface area, C* the initial bulk concentra-
ox 
tion, and kD the mass transpOli rate constant. 
The number of moles of ox reduced is related to the charge transfened by 
(1.8) 
Using the two relations dQ = idt and dnax = VdCax (where V is the solution volume), the 
change in bulk concentration 011 passage of cunent for a time interval dt is 
i d 
---t 
nFV 
By substituting equation 1.7 for i, it can be shown that 
and hence by integration, 
where 
Ak C* 
_ D ox dt 
V 
C* e-kt 
ox 
(1.9) 
(1.10) 
(1.11) 
(1.12) 
Thus, the bulk concentration Cox is expected to decrease exponentially at a rate proportional 
to the rate of mass transport, and to the ratio of the electrode area to the solution volume. 51 
Therefore, maximum deposition rates are achieved using efficient stirring, and high area to 
volume ratios. 
1.5.1.2 Limits of Electrolytic Preconcentration 
While the first-order kinetic model works well for relatively high metal concentrations 
(;::::10-6 M), the situation becomes more complicated at lower concentrations. At high metal 
concentrations, deposition occurs rapidly relative to competing dissolution processes. 
However, as the initial concentration is lowered, the deposition rate also decreases and the 
rate of dissolution promoted by chemical oxidants becomes significant. Sioda has modelled 
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electrodeposition from dilute solutions «10-7 M) and has calculated limits for electrolytic pre-
concentration from these solutions. 52-54 He describes the time dependent concentration of the 
metal ion in solution according to equation 1.1355 
- dCox = -s(k1C xk2 ) dt ox (1.13) 
where s is defined as the specific area of the electrolytic cell, kJ is the rate constant for 
deposition, and k2 the rate constant for dissolution. The time-dependent variable x, is the 
fraction of the total electrode area (A) that is covered by metal deposit. This is relevant 
because the rate of dissolution is proportional to the fraction of the electrode surface area that 
is covered. 56 
At long electrolysis times (t -> (0), the concentration approaches an equilibrium value Ceq, 
which is the steady state equilibrium concentration of the metal. 52 Equation 1.13 can be 
integrated for two different limiting cases. The first is where the initial concentration of metal 
is very low, and there is not enough to cover the electrode surface with a monolayer. In this 
situation, Sioda calculates an equilibrium concentration that depends on the initial metal 
concentration (equation 1.14) 
(1.14) 
where p is the molar monolayer area constant-characteristic for a metal in question. 55 
The second limiting case is where the initial concentration is moderate or large, and the entire 
surface of the electrode becomes covered with electrodeposited metal. In this situation, Sioda 
predicts that the equilibrium concentration is independent of the initial concentration 
(Equation 1.15).55 
(1.15) 
In a later publication, Ciszewski et al. 57 claimed to have verified Sioda's model 
experimentally. The oxidant responsible for chemical dissolution of the metal deposit was 
thought to be molecular oxygen. Sioda argued that by electro-reducing potential oxidants so 
that their concentration was lower than that of the metal, further metal deposition could be 
achieved. 58 By using a flow-through reactor of sufficient length, he suggested that an 
iterative process of metal and oxidant reductions would allow high recoveries of metal. 
While Sioda's arguments are compelling, a number of publications have claimed higher 
(close to quantitative) deposition efficiencies from dilute solutions. Volland et al. 59 described 
a flow system using a tubular graphite cathode for metal preconcentration. Using constant 
current deposition, yields of greater than 98% were achieved from solutions that initially 
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contained less than 10 pp b of metal. Using a later version of the same system, Hoppstock et 
al. 60 used constant CUlTent deposition and applied potentials of 6-9 V to achieve deposition 
efficiencies of greater than 99% from ppb solutions. In the case of cobalt, an initial concen-
u'ation of 9.8 x 10-8 M was reduced to ::;; 8.5 x 10-11 M. Interestingly, the electrodeposition 
system of Hoppstock et al. was not purged of oxygen, and the bulk recirculated solution was 
open to the atmosphere throughout the course of the electrolysis. 
Matousek and Powe1l61 used applied potentials of between 4.0 and 6.0 V to achieve quantita-
tive lead deposition from 20 ppb solutions. The lead was deposited onto a bare pyrolytic-
coated graphite platfOllli from 50 /-LL of 0.02 M acetate buffer (pH 4.7). The electrolysis cell, 
which comprised a platinum/iridium anode and a pyrolytic graphite cathode, was neither 
purged of oxygen nor enclosed. 
Thus it appears that in certain circumstances, the equilibrium concentration after deposition 
can be lower than that predicted by the Sioda model. The experiments that have produced the 
exceptional results have certain features in common. In each case, the electrode area to 
volume ratio was high and the electrode separation small. In Powell and Matousek's case, 
tIllS arose from the small sample volume. In the case of the tubular flow electrodes (Volland 
and Hoppstock), it was because the anode was positioned centrally in the flow cathode 
creating a very thin sample-layer between the electrodes. The effect of electrode separation 
was examined by Pretty et al. 62 who used a thin-layer flow cell to preconcentrate silver from 
solutions at pal1s-per-trillion to parts-per-billion levels prior to ICP-MS determination. The 
authors found that for a 127 /-Lm electrode separation, the silver deposition efficiency was 
42%, but when the electrode spacing was decreased to 16 /-Lm, deposition efficiency increased 
to 83%. Under optimum conditions with a minimum cell volume of 1.1 /-LL, deposition 
efficiency of greater than 90% was achieved. A slight decrease in deposition efficiency was 
observed over a thousand-fold concentration range (down to 0.025 /-Lg L-l) but not as great as 
that predicted by Sioda's model. 
The second COlmnon feature in experiments that produced high deposition efficiencies was 
the use of high reduction potentials. In conventional voltammetric work, the deposition 
potential range is restricted because potentials sufficient to reduce water are considered 
undesirable. This is because hydrogen evolution at the cathode changes the effective 
electrode area and hence the rate of analyte deposition. This effect is of little consequence in 
exhaustive deposition processes, provided that the deposition rate remains significantly larger 
than the dissolution rate. 
Beimolu' et al 63 studied the relationship between deposition efficiency and applied potential 
for manganese deposition. Using part-per-billion concentrations and 0.1 to 1.0 mL sample 
volumes, quantitative deposition was achieved within five to ten nlinutes. It was found that 
quantitative cathodic deposition was only possible where (uncontrolled) potentials negative of 
-2.5 V were used. Frick and Tallman,64 used a tubular graphite cathode in a flow system to 
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pre concentrate mercury from water with a detection limit of 0.08 ppb. This contrasted with 
the results of other workers, who reported virtually no deposition on glassy carbon below 150 
ppb.65 Frick and Tallman attributed their higher deposition efficiency (lower detection limit) 
to the use of a deposition potential (-1.0 V) far more negative than that usually considered 
necessary for mercury deposition. 
Beinrohr et al. 63 studied the effect of oxidant concentration on electrodeposition. They found 
that if deposition was effected at sufficiently negative potentials (-3.0 V), manganese could be 
quantitatively deposited, even in the presence of 0.25% H202. This is consistent with the 
results obtained by Powell and Matousek who achieved quantitative deposition, without prior 
deoxygenation, by using high applied potentials. 61 It may be that high applied potentials can 
reduce solution oxidants such as molecular oxygen or hydrogen peroxide. 
Various authors have reported superior deposition efficiency when a solid electrode is 
covered with a mercury film.66,67 The improvement is believed to be due to faster deposition 
kinetics and slower dissolution kinetics because of amalgam formation. Intermetallic bonds 
formed in an amalgam stabilise deposited metals and thus lower the rate of dissolution by 
solution oxidants. This stabilisation can result in a lower equilibrium concentration of metal 
ion in solution.68 For example, Pretty et al.62 found that deposition efficiency for vanadium, 
deposited onto a mercury thin film electrode (MTFE), was not concentration dependent, 
whereas silver deposition efficiency on bare glassy carbon was. However, Matousek and 
Powell61 found no significant change in deposition efficiency on pyrolytic graphite, whether a 
mercUlY film was used or not. 
Thus, although some theories suggest otherwise, it appears that by using large negative depos-
ition potentials, large surface area to volume ratios, and closely spaced electrodes, highly 
efficient, perhaps even quantitative deposition can be achieved from very dilute solutions. 
1.5.1.3 The Nature of Metal Deposits on Solid Electrodes 
The first step of metal growth on an inert substrate such as carbon involves forming a nucleus 
of the new phase. Nucleation occurs at "active" sites of the electrode surface. In the case of 
graphite, these active sites are generally defects in the C-C bonded surface structure. As a 
consequence, the more defects present, the more active the electrode surface will be. For 
example, in pyrolytic graphite electrodes the edge plane has a higher defect density and is 
found to be more active than the basal plane.69 The nucleation centres are disc-like structures 
one atom thiclc. These centres expand and coalesce to form the monolayer deposit. Further 
development requires the nucleation of new centres on the freshly generated surface. 
Not all processes proceed by initial deposition of a monolayer. 70 If the rate of nucleation is 
smaller than the rate of growth, three-dimensional growth centres will form which subse-
quently overlap to give a continuous deposit. An example of this phenomenon is shown in 
the recent work of Chen et a!. 71 who used in-situ scamling tumlelling microscopy to study 
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nickel electrodeposition on highly ordered pyrolytic graphite (HOPG). The resolution of the 
microscopic technique was sufficient to observe the graphite surface at a molecular leveL 
Bare areas of graphite were gradually covered by multilayer nickel deposits' which advanced 
across the graphite surface over the course of the deposition. This "island growth" 
mechanism is also seen with mercury which fonTIs micro-droplets on the surface of an 
electrode. 72,73 
The mode by which deposits grow is related to the metal-substrate (M-S) binding energy.74 
For M-S binding energy values which are lower than the M-M binding energy, nucleation 
and growth tends to proceed via the island growth mechanism. Conversely, when the M-S 
binding energy is higher than the M-M binding energy, growth is more likely to proceed by 
the monolayer mechanism. In this case, one or more monolayers of metal ad-atoms may be 
formed before bulk metal growth occurs. 
There are many other variables which may affect the early growth of metal deposits.75 These 
include the deposition potential, the metal ion concentration,74 the current density,74,76 the 
roughness of the electrode surface,77 and the nature of the electrodeposition medium.78 The 
presence of oxidising agents such as chlorine or oxygen has also been shown to affect growth 
mechanisms.74,79 Different growth mechanisms in the early stages of deposition lead to vast 
differences in the morphology of the deposit as deposition proceeds. Various shapes from 
geonietric crystals, to powders to dendrites have been observed.74,76 Thus small changes in 
experimental conditions can produce different fonns of deposited metals. The morphology of 
the deposit and the mechanism of growth can affect the relative deposition and dissolution 
kinetics. This perhaps partially explains the failure of simple models to accurately predict 
deposition kinetics for all situations. 
1.5.2 Ex-situ Electrodeposition-coupled ETAAS 
There are tln'ee possible protocols that can be used in electrodeposition-coupled ETAAS. The 
first is to isolate pm1 of the analyte from the sample matrix and thus separate it from 
inte1'ferents prior to the ETAAS process. The second possibility is to preconcentrate analytes 
that are present at concentrations below the ETAAS working range. Neither of these 
protocols totally depletes the sample solution of analyte. The third protocol quantitatively 
strips the analyte from the sample matrix and concomitant interferents, Quantitative stripping 
ensures reproducible deposition efficiency, and requires smaller smnple volumes than partial-
depletion protocols. Less commonly, workers have used electrodeposition as a way of 
examining analyte speciation within samples. 
Various electrodeposition techniques have been used. Lund and Larsen80 described a method 
in which cadmium was deposited onto a tungsten wire using constant potential electrolysis. 
The sample was atomised by electrically heating the wire in an inert atmosphere within an 
absorption celL The detection limit for the technique, using a two minute deposition, was 0.1 
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ppb cadmium. The method was described as suitable for use with complex sample matrices. 
The same authors later used a similar technique to determine cadmium in seawater,81 and by 
depositing onto a platinum wire, determined cadmium in urine.82 
Matousek and Czobik83 used a similar approach when they used electrodeposition to pre-
concentrate cadmium, silver, lead, and copper onto a tungsten wire. The sample was atom-
ised by placing the wire in a graphite furnace atomiser and heating the furnace in the con-
ventional manner. Using deposition times of between 30 and 300 seconds, sensitivity was 
improved 1.5 to IS-fold over conventional furnace techniques. The technique's sample-
matrix separation was so effective that the authors reported no detectable background 
absorbance when using the 217.0 nm lead resonance line to determine lead in 0.1 M sodium 
chloride solution. The procedure was applied to lead analysis in blood and seawater. Zhang 
et al. 84 also used electrodeposition on a tungsten wire, which was then inserted in a graphite 
furnace, to preconcentrate and determine cadmium in urine. A similar procedure was used by 
Hoshino et al. 85 who determined several elements in the presence of sodium chloride. In both 
cases, chloride interferences were greatly reduced. 
Metal wires have certain disadvantages as electrodeposition substrates. The electrode's 
effective area varies according to the degree of immersion in the sample. Of the potentially 
suitable refractory metals such as tungsten, tantalum, molydenum, iridium, rhenium, osmium, 
niobium, and ruthenium, most show considerably reduced melting temperatures in the fur-
nace's carbon atmosphere. This is due to eutectic melting between the metal and the initial 
carbide formed. Under graphite furnace conditions, only tantalum and tungsten can withstand 
temperatures above 2500 DC. Gradual loss of electrode material at high temperatures limits 
the lifetime and hence the usefulness of the electrode. 83 
Graphite proves to be a good electrode substrate for the same reasons that it is a good furnace 
material. In addition to its conductive properties, graphite is readily obtained in high purity 
and can withstand temperatures in excess of 3000 DC. Thomassen et al. 86deposited metals 
onto graphite electrodes, the ends of which were ground to a powder and transferred to a 
graphite furnace atomiser. Veber et al. 87 used a controlled potential electrodeposition to pre-
concentrate cadmium onto a graphite rod which was then transferred to a cup atomiser for 
atomic absorption analysis. Volland et al. 59 described a system where constant-current elec-
trolysis was used to deposit nanogram amounts of metals onto a graphite tube housed in a 
flow cell. The tube was then placed in an atomic absorption spectrometer for analysis. The 
authors claimed greater than 98% deposition efficiency from solutions containing less than 
ten parts per billion of analyte. The system was used to determine iron, cobalt, zinc, and bis-
muth. 
Hoppstock et al. 6o used a graphite tube to preconcentrate and determine contaminants in high 
purity ammonium fluoride. The furnace tube was placed in a flow cell and the sample solu-
tion pumped through at ~ 300 mL per minute. The sample was electrolysed for a set time 
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using a constant current deposition. The tube was then transfen-ed to an atomic absorption 
spectrometer for trace element determination. The authors reported low levels of furnace con-
tamination (due to handling) for important trace analytes such as copper and zinc. 
Other workers have experimented with mercury films on various carbon-based substrates. 
Batley and Matousek88 incorporated a tubular pyrolytic-coated graphite furnace in a flow-
through celL Analyte metals were co-deposited with mercury from flowing reagent streams. 
After deposition, the furnace and deposited sample were transfen-ed to an atomic absorption 
spectrometer and atomised. The technique was used to determine lead in seawater-a diffi-
cult task by conventional ETAAS, because lead and, in particular, its chlorides are volatile. 
The method was also used to determine cobalt and nickel, elements that are difficult to de-
termine by ASV but are readily measured by atomic absorption. Batley89 later used mercury-
coated fumace tubes for determining lead and cadmium in seawater in-situ. The tubes were 
mercury plated and dried in the laboratory and then calTied into the field for analyte deposi-
tion. ET AAS determination was can-ied out on return to the laboratory. The advantage of the 
technique over ASV analysis, was that deposition could be can-ied out in the presence of 
dissolved oxygen and at natural pH, thus measuring the analyte's natural speciation. 
Matusievviez et al. 68 used constant potential deposition to pre concentrate analyte metals into a 
mercury film that was pre-deposited onto a glassy-carbon electrode. The sample was dep-
osited for 180 minutes from 5.0 mL of rapidly stirred solution. After deposition, the electrode 
was transferred to an electrothernlal vaporiser for determination by ICP-AES. The method 
was used to determine eight trace metals in reference bovine liver extracts and urine samples 
with detection limits similar to those obtained for conventional ET AAS. The metals analysed 
included volatile metals such as lead and cadmium, and refractory metals such as chromium. 
Mercury film deposition has also been used directly to determine mercury. Frick and 
Tallman64 reduced inorganic mercury onto a tubular pyrolytic-coated graphite fumace in a 
flow-cell and quantified the mercUlY by ETAAS. The authors found a detection limit of 0.08 
ppb comparable to that obtained using a gold trap/cold vapour method, but with twice the 
sample tlu·oughput. 
More recently, Komarek et al. 66 deposited labile copper onto a special graphite disk electrode. 
The electrode formed the end of a probe which could be inserted into a graphite furnace with-
out touching the sides. Thus the sample was atomised into an almost isothermal environment 
in the malmer of platform atomisation. The copper analyte was deposited both onto a bare 
graphite surface alld a mercury film. The atomisation signal was 39% greater when the merc-
ury film was used for deposition. The authors also examined the effects of various complex-
ing agents on the deposition, and compared calculated free metal concentrations with those 
determined by electrodeposition. Calculated and experimental values agreed within 25%. 
Vrana alld Komarek9o used the same electrode system to determine labile copper and 
cadmium in seawater. 
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The L'vov platform has been used as a substrate for electrodeposition both with, and without 
mercury films. Vidal et ai,91 co-deposited a mercury film and the cadmium analyte onto a 
pyrolytic-coated graphite platform using a controlled potentiaL The platform was subse-
quently placed into a graphite furnace for atomic absorption analysis. Using a ten minute 
deposition time, the detection limit (0.011 ppb) was an 8-fold improvement over that obtained 
using conventional ETAAS. The authors used a similar procedure to measure chromium 
speciation,92 following the principle applied earlier by Batley and Matousek.93 By carrying 
out electrolysis at different applied potentials, hexa- and tri-valent chromium were selectively 
deposited onto a mercury-coated furnace tube.92,93 The chromium was then quantified by 
ETAAS. 
Mercury-coated pyrolytic graphite platforms were also used by Shiowatana and Matousek,67 
to determine labile lead in seawater. The platforms were clamped into a special holder and 
immersed in sample solution that had been spiked with acetate buffer and mercuric nitrate. 
The sample was stirred and electro lysed for ten minutes using an uncontrolled potential of 
between two and three volts. A detection limit of 0.15 ppb lead was obtained using a 120 
second deposition time. Background correction was not required because interferences were 
eliminated by the electrodeposition step. 
There are several problems associated with using platfOlIDs as electrodes for analyte electro-
deposition. The analyte deposit on the platform can be fragile, especially if a mercury film 
has been used. Contact with foreign objects when transferring the platform to the atomiser 
can cause sample loss, contamination, or altered atomisation kinetics due to changed surface 
morphology. Also important is the analyte surface coverage on the platform. If the entire 
surface of the platform is used for deposition, not only is the platform difficult to handle but, 
when atomised, different heating rates cause atoms on different faces of the platform to be 
released at different times. In addition to this, atoms from the bottom face of the platform 
must travel a greater distance to enter the radiation path. The overall effect is peak-
broadening for both the analyte and any residual background. This leads to decreased 
sensitivity and lack of temporal resolution between analytical and background absorbances. 
Vidal et ai.91 ,92 went to lengths to prevent this by encasing the platform in a watertight PTFE 
holder prior to electrodeposition. This construction was designed to permit analyte deposition 
only on the top of the platform. 
1.5.3 In-situ Electrodeposition-coupled ETAAS 
The systems described so far, have all involved sample deposition in some form of electro-
lysis cell, following which, the electrode and analyte are transferred to an atomic absorption 
spectrometer for analysis. Handling electroplated platforms and furnaces prior to ETAAS is 
not only clllnbersome, but also prone to contamination; results are frequently irreproducible. 
36 Electrodeposition and Electrodevosited Modifiers inETAAS 
A limited number of publications have described systems where electrodeposition is effected 
in the graphite furnace while it is in place within the atomiser. This removes the need for 
electrode handling and opens the door to automated techniques. In one of the earliest 
publications in this field, Fairless and Bard94 described an in-situ deposition using a carbon 
rod atomiser. A platinum wire anode and SCE reference electrode were placed in the sample 
well of the carbon rod which served as a cathode. The sample solution was pipetted into the 
sample well and electro lysed for between fifteen seconds and two minutes. Prior to 
atomisation, the anode and reference electrode were lifted away and the test solution was 
removed with a pipette. Sensitivity was limited by the lack of quantitative deposition, and by 
the small volume (about ten microlitres) of the sample solution well in the carbon rod. 
Torsi et al. 95 used an in-situ electrodeposition technique to determine lead in seawater. A 
glassy carbon crucible was used both as a cathode for electrodeposition and as an atomiser. 
Sample solution was introduced to the crucible through one PTFE tube and sucked away 
though another. An electrode that served as an anode was placed in the sample solution reser-
voir so that electrolysis could take place while sample was pumped though the crucible. The 
seawater sample was passed through the electrolysis cell for a specified time at a rate of 
4.0 mL per minute. A rinse solution was then passed through the cell to remove any residual 
sodium chloride. Using a ten minute electrolysis (40 mL sample), a detection limit of 
0.03 ppb was rep011ed for lead in seawater; more than a factor of 10 lower than conventional 
ETAAS can achieve in non-saline waters. 
Matousek and Powe1l61 studied the deposition of lead onto a pyrolytic coated graphite plat-
form and determined that by using a sufficiently large uncontrolled potential (six volts ap-
plied), quantitative analyte deposition could be effected in less than four minutes. Building 
on this result,Matousek and Grey96 described instrumental modifications to allow automated 
in-situ electrodeposition of analytes in a conventional pyrolytic graphite furnace. This system 
compllsed a GBC GF2000 graphite furnace system equipped with a modified P AL2000 auto-
sampler. The autosampler was capable of performing automated sample loading, electro-
deposition, electrolyte withdrawal, washing, and chemical pretreatment of the deposited 
metal. 
This same automated in-situ deposition system was further developed by Matousek and 
Powell97,98 and was used to determine lead and cadmium in 0.5 M sodium chloride solution. 
In the most elegant example of in-situ electrodeposition-coupled ETAAS (ED-ETAAS) seen 
to date, the method was shown to remove 99.5% of the sodium chloride prior to atomisation. 
The authors claimed quantitative analyte deposition from 25-40 ilL samples within 60 s elec-
trolysis at 3 .0 V. Electrodeposition from sodium chloride solutions using high 
electrolysis potentials (-6.0 V) led to destructive exfoliation of the pyrolytic-graphite furnace 
coating within a short time (50-70 atomisation cycles). This was prevented by using an 
electro-reduced palladium modifier which was deposited prior to each analyte deposition and 
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renewed for each measurement. A second important function of the palladium modifier was 
to thermally stabilise the analyte metals. Plots of pyrolysis temperature versus absorbance 
(pyrolysis loss curves) indicated that the electrodeposited palladium stabilised lead by 500°C, 
compared to only 250 °C for thermally reduced palladium. 
Use of the electrodeposited palladium modifier, combined with the efficient matrix removal 
afforded by the analyte electrodeposition and rinsing protocol, enabled Matousek and Powell 
to determine cadmium with equal sensitivity from sample matrices as diverse as 1 % HN03 
. and seawater. The technique appears especially attractive because it is totally automated. 
This not only makes it less cumbersome to use than other ED-ETAAS methods, but also 
improves precision and lowers the risk of sample contamination. 
1.6 SCOPE OF THIS WORK 
Electrothermal atomic absorption spectrometry (ETAAS) is a versatile technique capable of 
detemlining a wide range of elements with great sensitivity. ETAAS is one of the most com-
monly used techniques for trace element analysis because other methods with similar capabil-
ities cost a great deal more; both to purchase and to operate. There are limits to the perfor-
mance of ETAAS in that it insensitive to elemental speciation and it is badly affected by 
certain interferences, most notably the chloride ion. Until recently, protocols proposed to 
meet these problems were cumbersome and difficult to automate. The method proposed by 
Matousek and PoweU97,99 is simple and efficient, and promises capacity to deal with the 
shortcomings of conventional ETAAS. Work within this thesis is aimed at improving the 
understanding of Matousek and Powell's ED-ETAAS method and expanding its application. 
Following this introductory chapter, the second chapter ofthis thesis describes general experi-
mental protocols and equipment, as well as specifying the reagents used for experimental 
work. 
The third chapter of this work is directed towards understanding the palladium modifier. The 
relevant properties of palladium as a modifier and a catalyst, as well as its role as an electrode 
substrate are reviewed. Experimental work was directed towards optimising parameters for 
palladium modifier electrodeposition. The priorities were to achieve, in the minimum time, a 
modifier deposit that would give the best sensitivity and thermal stability for an analyte 
deposited onto it. Preliminary studies of alternative noble metal modifiers are also presented. 
The fourth chapter of this thesis deals with electrodeposition of reducible metal analytes in 
acid media. The experimental aims were to achieve quantitative metal deposition and 
characterise the thermal stability of the deposit, and the sensitivity of the method. Problems 
associated with artifacts of the electrodeposition system (i.e. high blanks and sample 
carryover) were explored, along with possible solutions. 
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Having developed useful experimental methods for metals in simple sample matrices, the fifth 
chapter goes on to explore the effects and problems associated with more complex media. A 
volatile metal halide in seawater was modelled using lead in 0.5 M sodium chloride solution. 
Experimental work was aimed towards reducing sodium chloride interference so that volatile 
metals and metals forming volatile halides could be determined in saline matrices. Two such 
metals, copper and cadmium were determined from seawater. 
Mercmy, a difficult metal to determine by ETAAS because of its volatility, was determined 
by ED-ETAAS in the next section of work (Chapter Six). The thermal stability afforded by 
palladium and other modifiers was examined. The sensitivity was compared to that obtained 
by more conventional mercmy analysis using a cold-vapour technique in which mercury 
vapom was accumulated on a palladium-coated furnace prior to ET AAS determination. 
The advantage of electrodeposition over conventional ET AAS is that, in principle, the specia-
tion of metals can be studied. In the Chapter Seven, the concept and importance of metal 
speciation are discussed. Experimentally, species fractionation of several metals was exam-
ined by EO-ETAAS using EDTA as a model ligand. Comparisons with ASV analyses were 
used to examine the effect of metal ion lability on ED-ETAAS analyses. 
In the final experimental section of this work (Chapter Eight), the determination of arsenic by 
ED-ET AAS is discussed. The environmental importance of arsenic and its speciation is re-
viewed along with methods currently used for arsenic analysis. Experimental work initially 
concentrated on optimising arsenic(IIl) deposition to achieve quantitative recovery. 
Subsequent work was directed toward establishing ED-ETAAS conditions that would allow 
discrimination between the arsenic(III) and arsenic(V) species. A method was developed that 
demonstrated successful fractionation of arsenic species in synthetic samples. The method 
was then applied to samples of arsenic-contaminated natmal waters, and the results verified 
by comparison with a second technique: pH-selective arsine generation followed by 
accumulation in a palladium-coated furnace tube and ETAAS determination. 
The concluding section of this work discusses the advantages and disadvantages of the 
present ED-ETAAS method and suggests directions for future research. 
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Chapter Two 
Experimental 
This chapter outlines the equipment, reagents, and general protocols used throughout the 
experimental work described in this thesis. Specific protocols are described in the relevant 
chapters. 
2.1 CLASS 100 CLEANROOM 
2.1.1 Cleanroom Layout and Specification 
All sample preparation was carried out within a cleanroom designed to meet or exceed the 
standards laid down for a Class 100 cleanroom. The requirements for a cleanroom of this 
standard are as follows: 100 
i) The maximum number of particles 2 0.5 11m in size per cubic foot of air must not 
exceed 100. 
ii) There should be zero particles 2 5.0 11m in size per cubic foot of air. 
Cleanroom conditions are maintained using laminar-flow air changing. Air is pumped 
through high efficiency particulate air (HEPA) filters in the ceiling of the room, and flows the 
length of the room with minimum turbulence to exit via a floor level port at the other end of 
the room. In this way, a constant flow of clean air constantly sweeps away any particulate 
matter. The air within the cleanroom is changed a minimum of 46 times per hour. The Class 
100 cleanroom is separated from the nearest area containing unfiltered air (corridor) by three 
doors. The pressure increases in graduated 15 Pa steps from ambient in the corridor to 45 Pa 
above ambient in the Class 100 area. This prevents contaminated corridor air flowing into the 
clean environment. The room contains a laminar flow hood, an acid hood, a microwave for 
sample digestion, and vessels for cleaning glassware. To reduce the possibility of 
contamination from metal items, the only metal fittings used within this room are made of 
stainless steel, or are sealed by painting or powder coating the surface. No other metal items 
are permitted in this room. Activity in the Class 100 area is minimised to prevent particulate 
introduction by workers. 
All samples were prepared in the larninar-flow or acid hoods within the Class 100 cleanroom. 
A glass sheet was used as a work surface because it could be readily cleaned. 
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Instrumental analysis was carried out in a second cleamoom adjacent to the Class 100 area. 
This room is only two doors away from the nearest area containing unfiltered air, and has a 
laminar-flow design with 21 air changes per hour. Because of the closer proximity to the cor-
ridor, lower air flow, and greater usage, this cleanroom has a higher particle count than the 
cleamoom used for samplc preparation and is classified as a Class 350 cleanroom. This class-
ification requires particle counts of fewer than 10,000 particles ~ 0.5 Jim per cubic foot, and 
fewer than 70 per cubic foot for particles ~ 5.0 Jim. 
A third cleanroom functions as an ant~room for the Class 350 and Class 100 cleamooms. The 
anteroom is designated as a changing room and used for storing and donning cleamoom attire. 
Because of its proximity to the corridor and because it lacks a dedicated supply of filtered air, 
the anteroom has not been assigned a clean environment classification. 
Disposable sticky mats are placed on the floor inside the entrances to the Class 100 and Class 
350 areas. These are designed to remove particulates from the feet of workers passing into 
and out of the clean areas. 
The standard of the cleamoom environ.rnent has recently been audited and was found to meet 
or exceed specifications. 101 
The layout of the cleamoom complex is shown in Figure 2.1. 
2.1.2 Cleanroom Practise and Protocols 
2.1.2.1 General Cleanroom Use 
To prevent contaminants and dust from entering the cleanroom, all articles are wiped with a 
damp cleanroom wipe in the anteroom prior to their introduction. Once in the cleanroom, 
equipment is not removed unless absolutely necessary. Any items that inherently produce 
dust such as paper, are kept to a minimum. Although tissue use is permitted in the Class 350 
area, any chemical spills in the Class 100 area are cleaned up using approved cleanroom 
wipes (DmxTM). 
So that laminar air-flow is unhindered, sample preparation benches and flow hoods in the 
cleanrooms are kept clear of equipment. Unused equipment is stored in closed cupboards. 
Potential analytes (especially heavy metals) with concentrations greater than 10 ppm are not 
permitted in either the Class 100 or Class 350 cleanrooms. This prevents residues on glass-
ware or surfaces from contaminating other samples. Experiments requiring analyte 
concentrations greater than 10 ppm are carried out in the semi-clean environment of the 
anteroom. 
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The cleanrooms are cleaned regularly to remove any dust build-up. The cleaning protocol 
used is as follows: 
i) The floor is swept with a plastic broom, starting in the Class 100 area and moving 
through the Class 350 area to the anteroom. 
ii) The benches are wiped using cleanroom wipes and dilute detergent/hot tap water. 
iii) The floor is mopped using the same detergent solution and a sponge mop. 
iv) The benches are re-wiped using deionised water and a cleanroom wipe. 
v) Sticky mats at the entrances to the Class 100 and Class 350 areas are renewed, as 
is the paper mat demarking the overshoe changing area in the anteroom. 
vi) Any dirty or worn overshoes are replaced. 
2.1.2.2 Cleanroom Attire 
Cleanroom workers adhere to the following protocol. Before entering the anteroom, shoes 
must be removed. Once inside, workers don lint-free attire designed to prevent particles 
dropping from workers into samples. The cleanroom garb comprises a Tyvek™ bonnet, 
matching overshoes, and a throat-high nylon gown that closes at the back. Disposable 
polyethylene gloves (Medex) are worn when manipulating clean reagents or samples. 
2.1.2.3 Glassware and Cleaning Protocol 
All stock solutions were prepared in borosilicate volumetric flasks. The only exceptions to 
this were stock solutions of PdCh and KOB, which were prepared in polypropylene volu-
metric flasks (Nalgene®). Dilute solutions for analysis were prepared directly in polypropy-
lene autosampler vials. Before initial use, all sample containers used in the cleanrooms were 
subjected to a rigorous cleaning protocol as follows: 
1) In a standard laboratory: 
i) Wash thoroughly using hot tap water and detergent. 
ii) Rinse in doubly distilled water. 
iii) Soak for at least three days in 10% (v/v) Analar HN031 doubly distilled water. 
iv) Rinse in doubly distilled water. 
2) In the Class 100 area: 
i) Soak for at least three days in 1 % (v/v) Baker Analysed HN03/Milli-Q water. 
This solution was contained in a 5 L polypropylene beaker (Nalgene®) and cov-
ered with a glass sheet. 
ii) Soak for at least three days in Mil1i-Q water. 
iii) Air dry, and store in polythene bags until required. 
In subsequent cleanings, only the second part of the cleaning process was used, soaking for at 
least 24 hours at each stage. Vessels tllat had been used to contain particularly concentrated 
solutions (greater than 1 ppm) were Ie-subjected to the entire cleaning process. 
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2.2 ETAAS INSTRUMENTATION AND PROTOCOLS 
2.2.1 ETAAS Instrumentation 
Developmental work was carried out using a GBC 903 atomic absorption spectrometer. This 
was fitted with a GF2000 graphite furnace system comprising the furnace workhead, control 
module, and power supply. A PAL 2000 autosampler was used for sample introduction. 
Results were printed on an Epson LX800 dot matrix printer. This system was used for most 
ED-ETAAS experiments other than those for determining mercury or arsenic. 
Mercury and arsenic systems were investigated using a GBC 908 atomic absorption spectro-
meter. Ihis was fitted with a GF3000 graphite furnace workhead/power supply, and a PAL 
3000 autosampler. The system was controlled by a 486 personal computer running software 
supplied by GBC. Results were printed using an Epson LX800 dot matrix printer. 
The GBC 903 and the GBC 908 spectrometers were both fitted with GBC Ultra-pulse con-
tinuum source background correction. All measurements were made with this system 
switched on. 
Both the PAL 2000 and PAL 3000 autosamplers were modified to improve the probe rinsing 
systems. Forward flush rinsing was used on both autosamplers. This modification required 
fe-plumbing the autosampler so that on receiving the software command to rinse, water 
flushes directly through the injection tube and capillary to waste. This provides improved 
rinsing, and removes bubbles from the PIFE capillary. The standard rinse protocol uses the 
injection syringe to aspirate water from a rinse well and expel it to waste. Under this system, 
bubbles accumulate in the PTFE tubing, degrading both rinse efficiency and sample volume 
reproducibility. 
2.2.2 ET AAS Accessories 
2.2.2.1 Hollow Cathode Lamps 
Element Manufacturer Operating Current Wavelength Slit width (um) 
(rnA) (um) 
Lead Photron 4.0 283.3 1217.0 1.0 
Arsenic Photron 10.0 193.7 1.0 
Copper Photron 4.0 324.8 0.5 
Nickel Varian Techtron 10.0 232.0 0.2 
Bismuth Varian T echtron 8.0 306.8 0.5 
Cadmium SJ 3.0 228.8 0.5 
Palladium GBC 5.0 340.5 0.2 
Mercury Varian Techtron 3.0 253.7 i 0.5 
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2.2.2.2 Software Modifications 
For ED-ETAAS experiments, specially modified software was supplied by GEe. This was 
supplied in the fonn of an electronically programmable read-only memory (EPROM) chip for 
the GF2000 system, and on floppy disk for the GF3000 system. The modified software 
changes the autosampler injection mechanism, so that it not only injects a sample into the 
graphite fU111ace, but can also remove it after a specified period of time (1-100 s). During this 
time, a potential can be applied between the graphite fU111ace and a modified sample injection 
probe. The sample injection software can be used to switch the applied potential on and off 
automatically. Temperature and gas flows during the deposition period are controlled by 
specifying that a given deposition step occurs at a particular stage of the graphite fU111ace 
program. Separate steps are available to deposit modifiers, samples, andlor a variety of rins~ 
ing protocols. The interfaces for the modified ETAAS software and the available parametcrs 
as used with the PAL 2000 and PAL 3000 are shown in Table 2.1. Apart from the electro-
deposition modifications, the rest of the software for the two AAS instruments was used as 
supplied. 
(a) 
Modifier volume 1~100 ilL 
Modifier deposition time 1 ~100 s 
Modifier plating Yes/No 
Acid rinse volume 1-100 ilL 
Acid rinse deposition time 1-100 s 
Acid rinse plating Yes/No 
Sample volume 1-100 J.1L 
Sample deposition time 1-100 s 
Sample plating YeslNo 
Acid re-deposition volume 1-100 ilL 
Acid re-deposition time 1-100 s 
Acid re-deposition plating Yes/No 
Wash volume 1-100 ilL 
Wash time 1-100 s 
\Vash plating Yes/No 
Number of multiple injections 1-255 
Number of sample repeats 1-255 
Dry steps for multiple injections 1-255 
Inject on step number 1-255 
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(b) 
Solution Options Inject at Injection Volume Rinse Current On Current 
Ste Mode ( L) Step Time (s) 
1 ModitierlBlank/Samplel 1-15 Electrodepl 1-100 YeslNo Yes/No 1-100 
Automix/Rinse Normal 
2 ModitlerIB1ank/Sam Electrodepl YeslNo Yes 1-100 
Automix/Rinse Normal 
3 Modifier/Blank/Samplel 1-15 Eleetrodepl 1-100 YeslNo Yes/No 1-100 
Automix/Rinse Normal 
Rinse Step 1-100 YeslNo 1-250 
Table 2.1 Modified electrodeposition software interfaces for (a) PAL 2000 and (b) PAL 3000 autosamplers. 
Adjustable parameters are shown as minimum and maximum allowable values. 
2.2.2.3 Electrodeposition Power supply 
The power supply used for electrodeposition experiments was custom-built by GBC Scientific 
Equipment Pty Ltd. Designated the GBC EPS2000, the power supply produces an 
uncontrolled potential of 0-20 V (DC ), or a current of 0-100 rnA from a 230 V AC power 
supply. The EPS2000 can be operated in two modes: automatic, where the potential is 
switched oiT and on by the graphite furnace/autosampler software, or manual, where the 
potential is permanently switched on or off. 
2.2.2.4 Platinum I Iridium Autosampler Probe 
The standard autosampler injection probe for conventional ETAAS is a length of PTFE 
tubing. The autosampler was modified by replacing the last section of this tube with a 6 cm 
length of Pt/Ir capillary (0.7 mm o.d.). The Ptllr tube was mounted in the end of the auto-
sanlpler arm using a PTFE bush similar to that used with standard PTFE delivery tube, but 
with a reduced aperture to hold the smaller Ptllr tubing. The Ptllr tube and furnace were 
cOlmected to a DC power supply as shown in Figure 2.2. This allowed sample electrolysis 
using the PtlIr tubing as an anode and the pyrolytic graphite furnace as a cathode. In practice, 
the probe-furnace distance was set by lowering the probe tip into an empty furnace until a 
current flowed (touching) and then raising it the minimum amount to prevent current flow 
(not touching). 
2.2.2.5 Combined PTFE Delivery-tube I Electrode 
To combat carry-over problems caused by sample adsorption on the inside of the PtlIr capil-
lary (discussed in Section 5.2.2.3), a delivery tube combining a continuous PTFE sample 
delivery path with a platinum electrode was designed and constructed as shown in Figure 2.3. 
This probe was mounted at the end of the autosampler delivery arm in the same way as the 
PtlIr capillary. 
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.. 
PIFE Support 
Injection Probe Tip (ptlIr) Autosampler Arm 
( to PAL 2000 or PAL 3000) 
DC Power Supply 
Sample Solution Graphite Furnace 
Figure 2.2 Schematic diagram of modiiied autosampler probe and graphite furnace system for sample electro-
deposition. 
PIFE delivery tube . 
Delrin casing~-~-
PIFE probe 
Capillary for 
sample delivery ~~-
Platinum anode- -
~ +/ 
4.0mm 
Wire to anode 
31.0 mm 
2.0mm 
10.5 mm 
I 
L5mm 
1 
Cross section of probe tip 
OAmm 
Sample iujection 
opening 
PTFE 
Platinum anode 
Figure 2.3 Combined PIFE sample delivery tubelPt anode, for preventing analyte carry-over in ED-EI AAS 
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2.2.2.6 HG 3000 Hydride Generator 
For cold vapour mercury, and arsenic hydride generation experiments, a GBC HG3000 hydr-
ide generator was used. The HG3000 incorporates an FIA hydride generation manifold with a 
gas liquid separator as shown in Figure 2.4. The resulting hydride / mercury vapour is carried 
to the detector cell by an argon gas stream. Samples were collected by inserting the PTFE tip 
of the delivery tube into the heated graphite furnace for a specified period and then removing 
it before firing the furnace. Because there is a lag between the beginning of hydride 
generation and the hydride reaching the end of the delivery tube, the reactor must be started 
well before sample collection begins. In this system, the sample reached the end of the 
delivery tube within 45 seconds of initiating hydride generation; the collection period was 
timed from this 45 second delay. 
Sample 
Peristaltic 
pump 
pH regulator --1-----31»-1---' 
Reductant -+-----31>-1------/ 
'\.. 
Waste 
Gas-liquid separator 
Figure 2.4 Schematic diagram of the HG3000 setup used in this work. 
2.2.2.7 Optical Pyrometer and Thermocouple 
Graphite Furnace 
Graphite furnace temperatures in the range 1000-1500 °C were calibrated using an optical 
pyrometer; disappearing filament type, Cambridge Instruments. Temperatures from ambient 
to 1000 °C were measured using a Fluke thermometer (Model 55/KJ) with a Type-K thermo-
couple. 
2.2.3 ETAAS Experimental Protocols 
2.2.3.1 Thermal Deposition 
For conventional ETAAS analysis, 20 flL of sample was injected into the furnace, and the 
furnace temperature was heated through steps 4-10 as shown in Table 2.2. 
In cases where the furnace was pre-plated with palladium modifier, three extra steps were 
added to the furnace program (Table 2.2, steps 1-3). These allowed control of temperature 
and gas flows during modifier deposition, and post-deposition drying. The furnace was held 
at step one of the furnace control program and 30 flL of modifier solution (10 ppm in 0.1 % 
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v/v RN03) was injected into the furnace and deposited for 20 seconds using a potential of 
Eapp = 2.0 V. The spent solution was then withdrawn, the deposited modifier dried (step 2), 
and the fmnace returned to a lower temperature for sample injection (step 3). The rest of the 
protocol was then followed as for conventional thermal deposition. 
Step Final temp Ramp time (s) Hold time (s) Inert Gas Read 
( DC) 
1. Deposit modifier 45 0.1 0.0* Yes No 
2. DIT modifier 150 5.0 5.0 Yes No 
3. Inject sample variable 1.0 5.0 Yes No 
4. Fast ramp 90 5.0 1.0 Yes No 
5. Drying 120 10.0 15.0 Yes No 
6. Extra drying 150 5.0 5.0 Yes No 
7. Pyrolysis variable 10.0 10.0 Yes No 
8. Cooling 400 2.0 10.0 No No 
9 .. Atomisation variable mlmmum 2.0 No Yes 
10. Clean 2500 0.1 2.0 Yes No 
Table 2.2 Furnace control program for ETAAS analysis using thennal sample deposition. 
2.2.3.2 Electrodeposition 
Fmnace control programs used for electrodeposited samples (ED-ETAAS) were similar to 
those used for thermal deposition with electroplated modifiers (Table 2.2). The main differ-
ences were: 
Decreased drying times; due to sample medium withdrawal there are smaller sol-
ution volumes to be dried, 
Increased pyrolysis temperatmes; possible because electrodeposited metals exhibit 
greater thermal stability than thermally deposited metals. 
A typical autosampler program for sample electrodeposition is shown in Table 2.3. Modifier 
solution is injected, deposited, removed, and dried as described for thermal analysis. Sample 
depositions and subsequent rinses I acid re-depositions are carried out at step three of the fur-
nace program. By varying the furnace conditions during the deposition step, it was possible 
to effect deposition using slightly raised temperatures (ca. 45°C) and with an inert gas flow 
over the top of the electrolysis solution. This provided convective stirring of the sample, and 
improved deposition efficiency when deposition potentials were insufficient to produce gas 
evolution at the electrode smfaces. In this thesis, measmements made using deposition poten-
tials ofless than 3.5 V (applied) were generally effected at raised temperatme (ca. 45°C) with 
*The hold time during modifier or sample electrodeposition is determined by the value entered in the 
autosampler control program. 
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an inert gas flow (referred to as "elevated" or "high-temperature deposition"). Measurements 
made using deposition potentials greater than 3.5 V were generally effected at room 
temperature with no inert gas flow ("low-temperature deposition"). For metal speciation 
measurements, regardless of the potential used, deposition was carried out at room tempera-
ture with the inert gas flow on. 
Deposition potentials varied according to the experiment. The potentials used are given in the 
relevant section. Unless otherwise stated, the deposition potentials stated, are open circuit 
(lUlcontrolled potentials). The actual electrode potentials can be estimated using the plots of 
applied potential versus measured potential shown in Chapter Seven. 
Solution Inject at Injection Volume Rinse Step Current On Current 
Step Mode (ilL) Time (s) 
1. Modifier 1 Electrodep 40 No Yes 20 
2. Sample 3 Electrodep 20 No Yes 60 
3. Rinse 3 Electrodep 40 Yes Yes 40 
Rinse Step 30 Yes 10 
Table 2.3 Typical autosampler control program for ED-ETAAS. 
2.2.3.3 Vapour / Hydride Collection 
Pd modifier was electrodeposited as for the previous technique. The furnace was held at an 
elevated temperature while arsine or mercury vapour was passed into it. The furnace temper-
ature was then ramped to atomisation, and the absorbance measured. A pyrolysis step was 
not necessary with vapour collection methods as no sample matrix entered the furnace. A 
typical furnace program for collection of arsine is shown in Table 2.4. The sampler program 
for vapour collection experiments was only used to control the modifier deposition. The 
probe introduction and timing were governed manually. 
Step Final temp ( DC) Ramp time (s) Hold time (s) Inert Gas Read 
1. Deposit modifier 45 0.1 0.0 Yes No 
2. Dry modifier 150 10.0 10.0 Yes No 
3. Collect sample 400 1.0 5.0 No No 
4. Cool 150 0.2 10.0 No No 
5. Atomise 2400 1.2 2.0 No Yes 
6. Clean 2500 0.1 10.0 Yes No 
Ta ble 2.4. Furnace control program for collecting and atomising arsine gas. 
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2.3 ELECTROCHEMICAL INSTRUMENTATION 
2.3.1 Square Wave Voltammetry 
V oltammetric experiments were performed using a Princeton Applied Research (PAR) Model 
384B voltammetric analyser coupled to a PAR 303A static mercury drop electrode. The 
303A electrode was filled with Suprapur® grade mercury (Merck). Results were printed using 
a model DMP-40 plotter (Houston Instruments). 
Square wave voltammetry was performed using the 303A electrode in hanging-drop mode. 
Prior to analysis, samples were purged with oxygen-free nitrogen for a minimum of five min-
utes. Deposition potentials and times varied depending on the type and concentration of the 
analyte metal. Stripping parameters used were: 2 m V scan increment, 20 m V pulse height, 
and frequency of 100 Hz. All potentials are expressed relative to the Ag/ AgCI reference 
electrode. 
2.3.2 Furnace Simulation Experiments 
In order to establish the potentiometric conditions at each electrode in the furnace during ED-
ETAAS, a furnace simulation apparatus was constructed. This was a stand designed to hold a 
Pt/Ir anode at a specified distance from a longitudinally bisected graphite furnace (cathode). 
The Pt/Ir anode was held above the cathode in a micrometer which was used to precisely 
control the electrode separation. The power supply used was the same as for ED-ETAAS 
experiments; the GBC EPS2000. The electrode holder is shown in Figure 2.5. 
The furnace was plated with palladium by electrolysing ca. 50 flL of 10 ppm palla-
dium/O.I %HN03 solution for 60 seconds at 2.0 V. Approximately 30 )..lL of sample solution 
was then electrolysed using a range of uncontrolled potentials (0.0-4.0 V). The actual elec-
trode potentials were measured between the relevant cathode/anode and a silver/silver 
chloride reference electrode. The reference cell was formed by inserting an oxidised silver 
wire into the 25 flL electrolysis solution which contained ~ 0.05 M chloride ion. Potentials 
and currents in the cell were deternilned using a PHM64 potentiometer (Radiometer Copen-
hagen) and digitalmultimeters. 
2.4 MISCELLANEOUS EQUIPMENT 
2.4.1 Micropipettes 
Small solution volumes were measured using Gilson Pipetteman™ micropipettes. The four 
different pipette sizes used were: The P20 (2-20 )..lL), PIOO (20-100 flL), P200 (50-200 )..lL), 
and the PIOOO (200-1000 flL). These were gravimetrically calibrated at regular intervals. 
Appropriate micropipette tips were used as supplied without further cleaning. 
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2.4.2 Balance 
A Mettler AE 163 balance was used for all weighings. This balance was regularly calibrated 
using the internal calibration system. 
2.4.3 pH Measurement 
Precise pH measurements (± 0.01 pH units) were made using a pH meter (Hanna Instruments 
HI8424). This pH meter was calibrated using standard buffers obtained from Radiometer 
Copenhagen: phthalate (pH 4.01 ± 0.01), and phosphate (pH 7.00 ± 0.01). Approximate pH 
(± 0.4 pH ) was measured using pH indicator strips: Merck art.9541 (pH 2.5-4.5), art.9542 
(pH 4.0-7.0), and art.9543 (pH 6.5-10.0). 
Figure 2.5 Furnace electrochemistry simulation apparatus 
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2.4.4 Multimeters 
Potentials and currents inED-ETAAS and furnace-simulation systems were measured using 
digital multimeters (Dick Smith Q-1442). 
2.4.5 Microwave Oven 
The microwave used for heating samples was a domestiC model Sharp R-4All, with a maxi-
mum power rating of 700 W; 
2.4.6 :Filtration 
Cellulose membrane-filters (MilliporeCii) Type HA) were used to filter natural samples. 
0.45 !-Lm filters were used to separate so-called soluble and insoluble forms of analytes. Prior 
to analysis, samples were re-filtered using 0.025 !-Lm filters to remove colloids. Filters were 
used mounted in an acid-washed plastic vacuum-filtration apparatus (Millipore®). 
2.5 ANALYTICAL REAGENTS 
2.5.1 Water 
Water used for preparing stock standards (100 pm) and for initial washing of glassware was 
purified by ion exchange, and then doubly distilled in a borosilicate glass still. 
Pure water (?:: 15 MQ cm- l ) was used for final cleaning and all other dilutions. This was ob-
tained from a four-bowl Milli-Q® water purification system (Millipore Corp). The Mi1li-Q 
system's ion exchange cartridges and carbon filters were changed annually. 
2.5.2 Reagents 
A list of the acids, bases and buffers and other reagents used, as well as their grades and 
manufacturers is given in Table 
2.5.3 Gases 
In ETAAS, the fumace is bathed in an inert gas to prevent oxidation of the pyrolytic graphite 
surface. In all experiments, oxygen-free nitrogen (BOC Gases) was used for this purpose. 
The same nitrogen was used to purge sample solutions during voltammetric analysis. 
2.5.4 Analytical Standards 
Lead, copper, nickel, bismuth, and cadmium standards were prepared by diluting 1000 ppm 
Spectrosol® atomic absorption standards (BDH). 
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REAGENT GRADE MANUFACTURER 
Nitric Acid Instra-analysed Reagent IT Baker Inc 
Sulphuric Acid Aristar BDH 
Hydrochloric Acid Aristar BDH 
Phosphoric Acid Aristar BDH 
Acetic Acid Pronalys * AR May & Baker 
Ammonia Solution Analar BDH 
Potassium Hydroxide Aristar BDH 
HEPES > 99.5 % Sigma 
Hexamine Analar BDH 
Soditml Acetate Aristar BDH 
Sodium Chloride Aristar BDH 
Potassium Nitrate Aristar BDH 
Sodium Nitrate Suprapur Merck 
L-Cysteine > 99.5 % Merck 
Hydrazine Sulphate Analar BDH 
EDTA An alar Koch-Light 
Sodium Borohydride GPR BDH 
Ammonium Sulphide Technical (40% w/v) Reidel-de Haem 
Table 2.5 Reagents used in this work. 
Mercury standard was prepared by dissolving metallic mercury (Suprapur®, Merck) in con-
centrated nitric acid, and diluting to 5% acid. 
Arsenic(V) stock solutions (l00 ppm) were prepared by dissolving sodium arsenate (BDH 
Analar) in 1.0% nitric acid. Arsenic(III) stock solutions (100 ppm) were prepared by dissolv-
ing arsenic trioxide (BDH Analar) in 2.0 M potassium hydroxide, and then acidifying with 
sulphuric acid. This solution was prepared daily to prevent oxidation to arsenic(V). 
A sample of monomethylarsonic acid (MMA) was provided by Dr. D. Bull of this De-
partment. The MMA was prepared by reacting 20 g of AS203 and 13 mL CH31 in 60 mL of 
water containing 24 g NaOH. However, subsequent microanalysis of this compound at Otago 
University indicated an arsenic content of 20.5% rather than the 40.7% content expected for a 
pure product. For this work, 0.0123 g of the MMA was dissolved in water to produce a stock 
solution with a concentration of 0.5 ppm (based on the microanalysis). 
Standard gold solution was prepared by dissolving gold metal in aqua regia. Palladium stand-
ard solution (l00 ppm) was prepared by dissolving palladium chloride (> 99.999% Aldrich) in 
concentrated nitric acid and diluting to 1 % acid. Rhodium solution was prepared from a 
1000 ppm ICP-MS standard obtained courtesy of Australian Government Analytical Labor-
atories. 
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The concentrations of dilute standard acid solutions are given as percentages (v/v) of the stock 
acid as described in Table 2.5. 
2.6 SAMPLE COLLECTION 
2.6.1 Seawater 
Seawater for copper and cadmium analysis was collected from the log-loading dock at the 
Port of Lyttelton. Samples were collected in acid-washed polypropylene bottles (Nalgene®), 
and then 0.45 J-lm filtered and acidified to 1.0% nitric acid within one hour of collection. 
Samples were stored at room temperature until required, and then filtered to 0.025 J..llTI prior to 
analysis. Clean disposable polythene gloves were worn throughout the collection process. 
2.6.2 Arsenic-contaminated Waters 
Surface water was collected from beside a timber treatment plant at Johns Road. Water was 
0.45 ~L1nfiltered at the collection site into acid-washed plastic centrifuge tubes (Falcon®). 
The vials were spiked with nitric acid and hydrazine sulphate preservative solution to give 
final concentrations of 1.0% nitric acid, and 0.2 mM hydrazine. To further preserve the 
arsenic speciation, samples were refrigerated until analysis. Clean disposable polythene 
gloves were worn throughout the collection process. 
Water was collected from Devil's Creek in acid-washed polythene bottles. This water was 
not acidified or preserved, but was refrigerated for a year until analysis. 
2.7 SPECIATION CALCULATIONS 
Solution speciation was modelled using the computer program SOLGASW ATER 102 with 
appropriate constants selected from the IUPAC Stability Constants Database. 103 
2.8 STATISTICAL CALCULATIONS 
Regression lines for calibration plots were calculated using graphing software104 on an Apple 
Macintosh computer. Errors for standard addition calibrations were calculated according to 
the method described by Miller and Miller. I05 
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Chapter Three 
Electrodeposited Modifiers 
This chapter has three sections. The first, Section 3.1, is an introduction to palladium as a 
chemical modifier for ET AAS. The applications, mechanism of action, and mode of use are 
reviewed and discussed. In section 3.2, alternative noble metal modifiers, their relative merits 
and applications are reviewed. Section 3.3 describes experimental wode aimed at optimising 
the deposition parameters and analyte stabilising characteristics for electrodeposited palla-
dium modifier as used by Matousek and Powell. 97,99 A brief investigation of iridium and 
rhodium as alternative modifiers is also described. 
3.1. PALLADIUM MODIFIER 
3.1.1 Attributes and Uses 
Palladium was first used as a chemical modifier for ETAAS in the late 1970s by Shan and 
Ni.106 Since then, hundreds of publications have described analyses using modifiers based on 
palladium, or combinations of palladium and other metals or reducing agents. Palladium 
meets the criteria for a successful modifier; its salts can be purchased in high purity, and 
acidified solutions of these can be stored for long periods without degrading their per-
formance as modifiers. Because palladium is rarely an analyte, it does not contaminate the 
components of the atomiser. Interferences are only observed in a few specific cir-
cumstances,33 and very little background (molecular) absorbance due to palladium is en-
countered. 36 Palladium does not corrode pyrolytic coated graphite furnace tubes and has in 
fact been shown to extend furnace lifetimes. 97,107 The greatest attribute of palladium modifier 
is the ability to thermally stabilise many elements by several hundred degrees.26,37 This 
stabilisation permits higher thermal pretreatment (pyrolysis) temperatures to be used, 
allowing many interferents to be removed without analyte loss. 
Palladium has been used successfully with a variety of analytes, particularly volatile metals 
such as mercury, 108,109 cadmium, 110-113 and lead. 17,114 Direct determination of volatile semi-
metals by ETAAS is usually insensitive due to loss of analyte even at low pyrolysis tempera-
tures. However, in the presence of palladium, direct determination with little analyte loss has 
been reported for arsenic,46,115,116 germanium,117,118 and selenium.119-121 Palladium modi-
fiers have also been used to stabilise and determine a variety Of other elements including 
gold, 122 indium,123 tin,124 silicon,125 and antimony. 49 
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A further attribute of palladium is its ability to "trap" gaseous species. Consequently, a palla-
dium-coated graphite fumace can be used to adsorb and pre-concentrate metallic vapours and 
hydrides prior to ETAAS determination. This approach has been successfully used to pre-
concentrate and determine arsenic,126,127 selenium,128,129 and other hydride-forming ele-
ments.130-134 Mercury has also been determined by this method. 135 
3.1.2 Mechanism of Action 
The precise mechanism by which palladium modifier acts is not known for certain, however 
the mechanism suggested by Qiao and Jackson136 adequately explains the observed effects of 
various palladium modifiers. According to this mechanism, the palladium modifier (added as 
a salt) is first reduced thennally to palladium metal on the graphite surface; this occurs readily 
at temperatures below 1000 DC. Next, the analyte is reduced on the surface of the modifier 
and then "dissolves in the molten modifier", possibly forming intermetallic species. The au-
thors proposed that the rate limiting step for analyte atomisation was diffusion of analyte from 
droplets of molten palladium. 
A considerable amount of evidence has been accumulated to support Qiao and Jackson's pall-
adium modification mechanism. In the first step of the proposed mechanism, the modifier 
must be reduced to a metal. Therefore, the earlier in the temperature program the modifier is 
reduced, the lower the temperature at which it becomes effective. This accounts for the imp-
roved results often obtained when using a reducing agent, or adding hydrogen to the inert 
gas. 13 ? 
Scanning electron micrographs have shown that, following its reduction from aqueous solu-
tion, palladium metal coalesces into globular clusters when heated on graphite surfaces to 
temperatures of 1000 DC.137 These clusters fonn at temperatures well below the melting point 
(1554 DC), but sufficiently high that palladium atoms and clusters become mobile, and 
interatomic attractions can promote droplet formation. 138 
In the second step of a palladium modifier's action, the analyte is reduced to a metal on the 
surface of the elemental modifier. It is likely that the reduction is catalysed by the palladium. 
The evidence for palladium mediated catalysis has been reviewed by Volynsky.139 The 
reaction scheme shown overpage was used to describe catalytic analyte reduction by 
platinum-group metal modifiers, where M represents the modifier, A is the analyte, and C* 
represents active sites on the graphite surface 
The initial form of the analyte shown is an oxide (or a chloride). The oxide arises from de-
composition of oxyanions during pyrolysis. For example, in nitric acid matrices, analyte nit-
rates decompose at low temperatures to form metallic oxides.140-143 In hydrochloric acid 
media, chlorides may form oxides by hydrolysis and dehydration. 144 
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* MClk + nC ---f M + CnClk (3.1) 
AmOn +M(bulk) ---f AmOn(ad)·M(bulk) (3.2) 
AClm + M(bulk) ---f AClm(ad) .M(bulk) (3.3) 
AmOn(ad) +~C ~mA+~C02 (3.4) 
M . 
AIIPI1(ad) + nC -----7 mA + nCO (3.5) 
ACI 111 (ad) M >A+ I~CI2 (3.6) 
kA + nM ---f AkMn (3.7) 
Following its reduction, the analyte interacts with the modifier in such a way as to provide 
thermal stabilisation. The mode of interaction is not entirely clear, and may vary for different 
elements. However, it appears that analyte stabilisation is generally a result of compound 
formation. Several authors have used spectroscopic teclmiques to identify intermetallic and 
mixed oxide species formed between palladium modifiers and analytes. Styris and co-
workers l45 used palladium modifier to determine selenium by ETAAS. They followed the 
volatilisation process using mass spectrometry and, from the results obtained, inferred that a 
mixed selenium-palladium-Oxide compound was involved in selenium stabilisation. 145,146 
Majidi found evidence for a similar compound by using Rutherford back-scattering spectro-
scopy.147 
Xuan used X-ray photoelectron spectroscopy and X-ray diffraction analysis to examine ger-
manium atomisation in the presence of palladium and mixed palladium-magnesium modi-
fiers. 117 The results showed that the intermetallic species Ge9Pd23, GePd2, and the mixed 
oxide MgGe03 were formed. Other studies have found evidence of palladium intermetallic 
species fonned with lead,148 tin,149 and indium. 149 
Rettberg and Beach 138 evaluated the effect of palladium on the .absorbance signals for several 
elements, including arsenic. They observed that when the modifier mass was increased, the 
analyte appearance temperatures shifted to higher values. The peale area also increased with 
modifier mass. The authors argued that because of the large excess of palladium relative to 
arsenic, the fomler effect could not be a result of simple enhancement of the metallic bonding 
between the two species. Instead, they proposed that "bulle" effects based on the amount of 
palladium present were influencing the atomisation. This implies that the formation of a 
"solid solution" may be partly responsible for the effects observed when large quantities of 
palladium are used. 
The "solid solution" theory was also used by Volynskyl5o to explain the differences in sele-
Iuum stabilisation by various platinum-group metals. It is known from powder metallurgy 
that the formation of a solid solution from two highly dispersed but mutually soluble subst-
ances starts at temperatures of (O.3-0.4)tmelt' where tmelt is the melting point temperature of 
the more refractory substance. V olynsky found a correlation between selenium pyrolysis 
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losses and the O.3tmelt values for platinum, palladium, rhodium and iridium. Loss of selenium 
was greatest with the most refractory modifier, iridium (tmelt = 2410 DC), and least with palla-
dium (tmelt = 1554 DC). Hence the solid solution theory offers one explanation as to why pal-
ladium modifier generally performs better than other platinum group metals for stabilising 
volatile analytes. 
In the presence of palladium, atomisation is thought to proceed by direct release of gaseous 
analyte atoms from the metallic palladium modifier; the rate limiting step being analyte diffu-
sion out of the globular modifier clusters. 136 This mechanism accounts for the peak broaden-
ing observed with increasing masses of palladium. 151 Larger amounts of palladium lead to 
larger globules and, hence, to slower diffusion of analyte to the surface. 
Several researchers have used electron microscopy to examine the effect of palladium cluster 
size on its efficiency as a modifier. Voth-Beach and Shrader137 found that when the modifier 
was evenly dispersed as fine particles, analyte atomic absorption profiles were sharper, and 
had better-defined Gaussian peak shapes. Fine modifier particles also gave better analyte 
recoveries from a variety of sampl~ matrices. These results could be attributed to higher sur-
face area to volume ratios for the modifier but, in further research, Klinkenberg et al. 152 con-
cluded that the distribution of palladium particle sizes was more important than the absolute 
size. Uniform paI1icles sizes produced sharp even peaks, while less uniform particles pro-
duced broader peaks. This effect was attributed to varying rates of analyte diffusion from the 
different sizes of palladium particles. 
3.1.3 Form of Palladium Modifier 
The performance of palladium modifiers may depend on which chemical form of palladium is 
used. The palladium is usually introduced to the furnace with the sample, prior to drying and 
pyrolysis, either as a nitrate or a chloride. Which form produces the better results is a matter 
of debate, with different researchers producing contrary results. In one of the earlier studies 
published on the subject, Voth-Beach and Shrader137 found that solutions prepared from pal-
ladium chloride behaved differently from solutions prepared by dissolving palladium foil in 
aqua regia. For a variety of elements, palladium chloride solutions performed better than 
modifier solutions containing 1-2% nitric acid. More recently however, in a paper comparing 
various forms of palladium for selenium determination, Volynsky and Krivan121 cited several 
references in which researchers preferred palladium nitrate to palladium chloride. For sele-
nium determination, the most effective form of the modifier depended on the sample matrix. 
In chloride-containing samples, palladium chloride and palladium nitrate performed equally, 
whereas in pure aqueous solutions, the nitrate-based modifier provided better sensitivity and 
improved thermal stabilisation. 121 
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Schlemmer and Welz153 proposed a mixed modifier of palladium nitrate and magnesium nit-
rate, and contended that the mixed modifier could be used in a wider variety of applications 
than palladium alone. The same authors published a study detailing results obtained for 
twenty-one elements using the mixed palladium/magnesium modifier. 37 Although these and 
subsequent authors 117,154,155 achieved an impressive degree of analyte stabilisation using the 
mixed modifier, other researchers have questioned its superiority. 
Shan and Wen36 examined the performance of various chemical modifiers wInch were used in 
determining a number of metals in different sample matrices. They concluded that palladium 
performed well as a universal modifier, and that adding magnesium nitrate was generally un-
desirable because it introduced a background absorbance. The need for a reducing agent was 
matrix-dependent. 
Bermejo-Barrera et al. 109 compared different modifiers for determining mercury in seawater. 
They found that a palladium modifier gave better sensitivity than either magnesium nitrate or 
mixed palladium-magnesium nitrate modifiers. Palladium provided better sensitivity and bet-
ter stabilisation. Analyte recovery was improved when palladium was used in combination 
with a reducing agent. This finding concurs with work by other researchers who have used 
reducing agents such as hydroxylamine,137 ascorbic acid,136 and tartaric acid 110 to improve 
the performance of the palladium modifier. 
The temperature at which palladium chloride and palladium nitrate modifiers are reduced to 
the active (metallic) form depends on the sample matrix. To counter this problem, other less 
matrix-dependent fOlms of palladium have been developed. For example, palladium oxalate 
is readily reduced on graphite at temperatures as low as 100-200 °C and because of the 
stability of the palladium-oxalate complex, is unaffected by different sample matrices. 121 
Colloidal palladium modifiers are similarly unaffected. 156 These have the additional 
advantage of presenting an active elemental-palladium surface to the analyte even before 
drying is complete. A disadvantage is that palladium colloid solutions are unstable. Even in 
the presence of stabilisers, palladium colloids tend to aggregate. This decreases the active 
surface area, and hence the effectiveness, for a given modifier mass. 
Other authors have reduced the palladium thermally before adding the sample solution. Using 
this protocol, He and Ni 157 reported that lead sensitivity was enhanced by fifty percent com-
pared to the conventional thermal co-reduction of palladium chloride and sample. Qiao et 
al. 158 used a pre-reduced palladium-magnesium modifier to determine thallium in the 
presence of sodium chloride. The pre-reduced modifier prevented loss of thallium chloride 
during pyrolysis, whereas up to thirty percent of the thallium was lost when the modifier was 
pre-mixed with the sample. 
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3.1.4 Palladium Electrodeposition 
Metallic palladium modifier has also been used by workers who reduced the palladium by 
electrolysis. Bulska and ledral107 electrodeposited palladium and rhodium modifiers onto the 
inside of graphite furnace tubes which were then transferred to an ET AA spectrometer for 
analyte determination. Electrodeposition was carried out, using a constant current, from 
modifier solutions of 17 g L-l. The absolute amount of modifier used per tube (17 mg for 
palladium) was large compared to that used for conventional thermal co-reduction (5-50 Ilg). 
Because of the large amounts used, residual palladium modifier was observed on the furnace 
tube even after 60 atomisation cycles using maximum temperatures of 2700 °e. The effec-
tiveness of electro-reduced palladium modifier was compared with that for thermally pre-
reduced modifier. For determination of arsenic and selenium, the electrodeposited modifier 
increased the maximum pyrolysis temperatures by 150 °e and 200 °e respectively. In the 
case of silicon, the maximum pyrolysis temperature was unaffected but the characteristic 
mass was reduced by forty percent. The authors suggested that this sensitivity increase was 
because a continuous modifier layer over the entire inner furnace surface prevents carbide 
formation. 
An electrodeposited palladium modifier was also used in the in-situ electrodeposition-coupled 
ETAAS technique of Matousek and Powel1.97 In addition to thermally stabilising analytes, 
the pre-reduced modifier improved the characteristics of the furnace surface. Sample electro-
deposition without the modifier quickly led to degradation and exfoliation of the pyrolytic 
graphite furnace coating. The pre-reduced palladium coating prevented surface degradation, 
and also improved pyrolysis efficiency. Using the pre-reduced modifier, background absorb-
ances due to sodium chloride were seven times lower than those obtained when the modifier 
was co-reduced with the sample. It is lmown that palladium "burrows" into crevices and 
defects in pyrolytic graphite surfaces. 147 Presumably, this "sealing" effect prevents ingress 
and thus trapping of sanlple matrix species in the pyrolytic graphite furnace coating. 
Smith159 used Matousek and Powell's in-situ palladium electrodeposition for selenium det-
ermination. Palladium modifier was deposited and then used to trap and accumulate hydro-
gen selenide prior to ET AAS determination. The electrodeposited modifier was compared 
with thennally pre-reduced palladium, and was shown to be 30% more efficient for hydrogen 
selenide accumulation. Both palladium reduction protocols provided equal thermal stabilisa-
tion for the accumulated selenide; i.e apart from sensitivity differences, the pyrolysis loss 
curves were identical. 
Matousek and Powell later went on to characterise the electrodeposited palladium modifier 
using scanning electron microscopy.99 The electron micrographs showed that electrodepos-
ition produced a dense, uniform array of palladium domains on the graphite furnace. These 
were centred around the area opposite the tip of the anode. This contrasted with the situation 
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when the modifier was thermally reduced. In this case, the palladium domains were less uni-
fonn and were concentrated around the drying edges of the modifier solution. The palladium 
deposit's morphology also depended on the electrolysis medium. For deposition using an un-
controlled potential of 5.0 V, electron micrographs showed that electrodeposition from 0.5% 
HCl produced a more uniform, higher density of domains than was achieved from 1.0% 
RN03· 
Matousek and Powell's palladium electrodeposition tedmique requires only a fraction of the 
palladium mass used for conventional thermal reduction; ca 0.25 Ilg compared with 50 Ilg. 
The advantage of this is that trace contaminants in the modifier solution make a smaller con-
tribution to blank signals. However, such small palladium masses are almost completely re-
moved from the furnace in a single atomisation cycle. Accordingly, fresh modifier must be 
deposited for every determination. This means that the amount of modifier present is always 
constant and prevents the gradual loss of analyte signal observed when using a single electro-
deposition of a large palladium mass. 107 
3.2 ALTERNATIVE NOBLE METAL MODIFIERS 
Of all the noble metals that could be used as a modifier for ETAAS, palladium has been the 
most studied. However, researchers seeking better analyte stabilisation and/or reusable modi-
fiers have experimented with other noble metals. According to Tsalev,24 the stabilising mech-
anism for these metals is similar to that for palladium. Of these, iridium has been particularly 
popular, having similar characteristics to palladium, but a much higher melting temperature; 
2410 °C compared with 1554 °C. The higher melting point means that, provided moderate 
atomisation temperatures « 2100 °C) are employed, the iridium modifier remains on the fur-
nace and can be reused. 160 
Rademeyer et al. used iridium modifier to determine cadmium, manganese, lead, selenium 
and vanadium. 161 Iridium was deposited both by sputtering and by conventional thermal 
reduction. Electron microscopy was used to compare the different iridium deposits, showing 
that sputtering produced a far more homogenous iridium distribution. Using a tube sputtered 
a single time with a large iridium mass (9700 Ilg), stable selenium absorbances were obtained 
for 750 atomisation cycles. Using a smaller mass of thermally deposited iridium (60 Ilg), 
Pozebon et al. 162 obtained stable readings for only 100 cycles. 
The most common application of iridium modifier in ETAAS has been as a trapping agent for 
hydride collection. Tsalev et al. determined a number of hydride-forming elements after 
accumulating the hydrides on iridium. 160,163,164 The iridium was thermally deposited onto a 
platform that had been pre-coated with tungsten or zirconium carbide. Comparison showed 
that the iridium modifier was more thermally stable than palladium, and thus better suited as a 
re-usable modifier. Unfortunately, no attempt was made to compare the analyte stabilising 
properties of the two modifiers. 
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Combinations of iridium and palladium have also been used for hydride accumulation. 
ShuttleI' et al. used a 1: 1 mixture, aiming to stabilise the palladium with the iridium. 165 This 
combination gave stable analyte absorbances for up to 300 atomisation cycles. Again, no 
attempt was made to compare the analyte stabilisation or hydride capture efficiency obtained, 
with that for the individual modifiers. More recently, this comparison was made by U ggerud 
and Lund,166 who used palladium and iridium as trapping agents in hydride generation-
electrothermal vaporisation-inductively coupled plasma-mass spectrometry (HG-ETV-
ICP-MS). The authors did not attempt to re-use the modifiers, and deposited fresh modifier 
prior to each determination. Although iridium had better characteristics for the ICP-MS 
determination, the trapping efficiencies of the two modifiers for the HG-ETV process were 
similar. 
In addition to hydride trapping, noble metal modifiers have also been used to trap mercury 
vapour. Lee and Jung167 accumulated mercury vapour on a gold-coated porous graphite disc 
in a carbon rod atomiser. Because ofthe low atomising temperature used (600 DC), the modi-
fier could be re-used for up to 1000 determinations. Kumar and Meeravali 168 compared dif-
ferent noble metals as mercury trapping agents using platforms wrapped with metal wire or 
mesh. The metals used were gold, palladium-gold alloy, and platinum-rhodium alloy. The 
modified platforms could be re-used for more than 500 determinations with no change in sen-
sitivity. All of the trapping agents provided aceurate results for analysis of eertified stan-
dards, however the sensitivities were not equal. The lowest detection limit was obtained 
using the gold trap. The sensitivity for the gold trap was 1.5 times that for the palladium-
gold, and 1.8 times that for the platinum-rhodium trap. 
Direct ET AAS mercury determination by Bulska et al. 169 yielded a different order of merit 
for noble metal modifiers. The gold modifier provided little or no thermal stabilisation, and 
large amounts of mercury were lost during pyrolysis. However, a mixture of gold and 
rhodium provided high sensitivity and, provided that temperatures did not exceed 2000 DC, 
was re-usable for up to 500 determinations; the maximum pyrolysis temperature was 200 DC. 
The greatest degree of thermal stabilisation was provided by palladium modifier. This 
allowed a maximum pyrolysis temperature of 400 DC, and provided almost the same 
sensitivity as the gold-rhodium modifier. The authors reported re-using an electrodeposited 
palladium modifier for up to 450 determinations, using a maximum temperature of 2200 DC. 
Other authors have eompared different noble metal modifiers for the direct determinations of 
gold,122 arsenic,170 and lead, cadmium and chromium. 171 Unfortunately, due to the different 
analytes and different experimental conditions used, it is difficult to draw any conclusions 
from these publications as to which modifier is best. The most thorough comparison to date 
has been tllat of Tsalev and Slaveykova,l72 who compared ruthenium, rhodium and palladium 
modifiers for the determination of 18 different analytes. The authors found that unless a re-
ducing agent was present, all three modifiers provided similar sensitivity and stabilisation. 
Chapter Three Electrodeposited Modifiers 63 
When the modifiers were used in conjunction with a reducing agent (ascorbic acid), greater 
stabilisation was achieved for several analytes. For determination of semi-metallic elements, 
using the reducing agent, the modifier stabilisation efficiency was ranked: ruthenium 
> rhodium> palladium. In the presence of chloride ion, absorbances were depressed for sev-
eral analytes; this was least pronounced when the palladium modifier was used. 
3.3 OPTIMISATION AND CHARACTERISATION OF PALLADIUM 
ELECTRODEPOSITION 
Experimental work described in this section was directed towards obtaining a better under-
standing of the electrodeposited palladium modifier used by Matousek and Powell. 97,99 These 
authors electrodeposited palladium modifier from 40-50 flL of 10 ppm palladium/0.l-0.5% 
RN03 solution, using an applied potential of 4-5 V for 20 seconds. In the experimental work 
described in this chapter, the various parameters relating to the deposition were examined 
individually in order to obtain the optimum deposition protocol; i.e. that which produces the 
greatest sensitivity and analyte stabilisation, with the minimum mass of palladium and 
deposition time. The parameters investigated included the deposition medium, time and 
potential, as well as the mass of modifier used. The modifier's stabilisation efficiency was 
tested using lead as a model analyte. The pyrolysis curve for the electrodeposited palladium 
was obtained and compared with that for thermally deposited palladium. A brief inves-
tigation of iridium and rhodium as alternative modifiers was also conducted. 
3.3.1 Experimental and Results 
3.3.1.1 Deposition Time 
Palladium deposition as a function of time was studied. The palladium concentration used for 
this study (200 ppb) was lower than that used by Matousek and Powell, so that absorbances 
were within analytical working range. 
Procedure and Results: 20 J..LL of200 ppb palladium solution in 1 % (v/v) RN03 was deposit-
ed at 5.8 V for varying lengths of time using the low temperature deposition protocol describ-
ed in Chapter Two; i.e. deposition effected at room temperature with no inert gas flow. The 
deposit was rinsed twice for five seconds with 40 J..LL of water, dried, pyrolysed at 850°C for 
10 seconds, and atomised at 2300 °C. The resulting absorbance was measured at the 
340.5 nm palladium resonance line. The absorbances for several deposition times are plotted 
in Figure 3.1. 
3.3.1.2 Mass of Modifier 
To study the effect of the mass of palladium modifier, two different modifier masses were 
used for lead determination. The two modifier solutions used were 10 ppm and 100 ppm pal-
ladium in 0.1 % and 1.0% Hl\J03 respectively. 30 J..LL of modifier was deposited for 20 
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seconds using an applied potential of 3.0 V, and the high-temperature deposition protocol des-
cribed in Chapter Two (i.e. 45°C, with inert gas flow on). The deposit was rinsed with acid 
and dried at 110°C. A lead sample was then deposited from a 50 ppb solution in 0.5 M 
NaCl1l % HN03 using 60 seconds deposition at 3.0 V. The lead deposit was dried, and 
atomised at 2300 DC. The absorption profiles for lead atomisation with the two different 
modifiers are shown in Figure 3.2. The lead absorbances with the 100 ppm palladium modi-
fier solution occurred at higher temperatures than those with the 10 ppm modifier. They were 
also smaller, both in terms of peale, and integrated absorbances. 
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Figure 3.1 Palladium deposition as a function of time. Palladium deposited at 5.8 V from 20 ilL of 200 ppb 
palladium solution in 1% HN03. Palladium absorbance measured at 340.5 nm. 
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Figure 3.2 Absorbance-time profiles for atomisation of lead deposited for 60 seconds at 2.0 V, from 20 ilL of 
50 ppb solution in 0.5 ~ NaCl1l % HN03 using two different palladium modifiers: ] 00 ppm in 1 % HN03 (3 Ilg Pd), and 10 ppm 111 0.1 % HN03 (0.3 Ilg Pd). These were deposited at 3.0 V for 20 seconds. Lead ab-
sorbance was measured at 283.3 nm. 
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3.3.1.3 Deposition Medium 
Matousek and Powe1l99 observed that palladium deposition from 0.5% RCI produced deposits 
with a denser and more uniform array of palladium domains than was achieved by deposition 
from 1 % HN03. They also found evidence that the HN03-deposited palladium did not adhere 
as well to the furnace surface and was less electrically conductive than the RCI-deposited 
palladium. 
The stabilising effects of palladium modifier deposited from either RCI or HN03 were com-
pared. TIns was done indirectly by studying the atomisation absorbance profiles and sensitiv-
ity for a lead sample deposited onto the palladium. The effect of modifier solution acidity 
was examined using the same protocol. 
Procedure and Results: Two 10 ppm palladium solutions were prepared, one in 0.1 % HN03 
and the other in 0.1 % RCI. Modifier was deposited at 2.0 V for 20 seconds from 30 flL of 
solution. The deposit was dried before sample deposition. Lead was deposited at 2.0 V for 
60 seconds, from 20 flL of 50 ppb solution in 1 % HN03, using the high temperature deposi-
tion protocol. The deposit was then atomised at 2300 °C and the absorbance measured at the 
283.3 nm lead line. Four replicates were measured using the RCI-based modifier solution, 
followed by four with the HJ'J03-based modifier. The mean absorbances for each set of four 
measurements are shown in Table 3.1. The palladium masses given are approximate, because 
quantitative deposition is assumed. 
Modifier deposition medium Mean integrated absorbance Mean peak absorbance 
(n= 4) (n= 4) 
0.1% RCI 0.180 (RSD = 0.71 %) 0.781 (RSD = 1.86%) 
0.1% HN03 0.181 (RSD = 2.09%) 0.814 (RSD = 2.08%) 
Table 3.1 Effect of palladium deposition medium on absorbance for lead atomisation (measured at 283.3 nm 
lead line). 30 ilL of 10 ppm palladium solution deposited for 20 seconds at 2.0 V. Lead deposited from 20 ilL 
of 50 ppb solution in 1 % RN03, at 2.0 V for 60 seconds The high temperature deposition protocol was used 
throughout. Lead absorbance was measured at 283.3 nm. 
Absorbance-time profiles for the lead atomisation are shown in Figure 3.3. The profile for the 
first measurement using HN03-based modifier (following the RCI-based modifier 
depositions) was shifted to a lower temperature (Reading 2), but subsequent measurements 
gave absorbance profiles indistinguishable from those obtained using RCI-based modifier 
solution (Reading 3). 
To examine the effect of modifier acidity, the experiment was repeated for modifier solutions 
containing different HN03 concentrations. The results are shown in Figure 3.4. 
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Figure 3.3 Absorbance-time profiles for lead atomisation using two different modifier deposition solutions. 
30 [.lL of 10 ppm palladium solution in either a) 0.1% Hel or b) 0.1 % RN03, deposited for 20 seconds at 2.0 V. 
Lead deposited from 20 ~L of 50 ppb solution in 1% RN03, at 2.0 V for 60 seconds. High-temperature 
deposition conditions were used. Lead absorbance measured at 283.3 nm. 
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Figure 3.4 Effect of palladium solution acidity on lead atomisation. Palladium was deposited for 20 seconds at 
2.0 V, from 30 f.lL of 10 ppm solutions with varied HN03 concentrations. 20 ~L of 50 ppb lead in 1% lIN03 
deposited onto the palladium at 2.0 V for 60 seconds. The high-temperature deposition protocol was used 
throughout. The lead absorbance measured at the 283.3 nm resonance line. 
Chapter Three Electrodeposited Modifiers 67 
3.3.1.4 Deposition Potential 
The amount of palladium deposited under different conditions was examined. Palladium was 
deposited for 20 seconds from 20 flL of 500 ppb solution, using varying electrolysis poten-
tials. Deposition was effected using the low-temperature protocol. Two different concentra-
tions of acid were employed for the modifier solution; 1.1% and 0.05% Hl\J03. The palla-
dium deposit was dried, pyrolysed at 1100 DC, and atomised at 2300 DC. The palladium 
absorbance was measured at the 340.5 nm resonance line. The results are plotted in Figure 
3.5. 
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Figure 3.5 Palladium deposition efficiency as a function of deposition potential and deposition medium acidity. 
Deposition for 20 seconds from 20 flL of 500 ppb palladium solution, in either; (D) 1.1 % or (0) 0.05% HN03. 
Low-temperature deposition conditions were used. Palladium absorbance was measured at 340.5 nm. 
3.3.1.5 Comparison With Conventional (Thermal) Deposition 
The efficiency of palladium electrodeposition was established by comparing peak 
absorbances for thermally deposited, and electrodeposited (at 2.0 V and 5.0 V) palladium. 
The absorbance-time profiles for the different deposition methods were used to compare the 
thermal stability of the palladium deposits. Relatively slow atomisation ramp rates 
(570 DC s-I) were used to amplify small differences in the atomisation rates. 
Electrodeposition: Palladium was electrodeposited for 20 seconds from 30 ~L aliquots of 
solution (200 ppb in 0.1 % Hl\J03). Deposition was effected using the high-temperature de-
position protocol. The deposit was rinsed with 35 ~L of water for 10 seconds, dried at 150 DC 
and then atomised at high temperature (3000 DC) to prevent retention of refractory palladium 
species on the furnace. The applied potential (2.0 or 5.0 V) remained on for the entire 
duration of the experiment. 
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Thermal deposition: 30 pL of the same palladium solution was dried and then pyr01ysed at 
800 DC for five seconds to effect palladium reduction. The deposit was cooled to 150 DC and 
then atomised using the same furnace temperature ramp rates as for the electrodeposited 
sample. 
The average integrated absorbances (n=3) for palladium, following electrodeposition at 2.0 
and 5.0 V, and for thermal deposition were: 0.477, 0.596, and 0.651 respectively, with relative 
standard deviations of 0.53%, 1.5% and 1.1 %. This corresponds to deposition efficiency of 
a. 
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Figure 3.6 Atomisation absorbance profiles for 30 ilL of200 ppb palladium in 1.0% HN03 a) electrodeposited 
at 2.0 and 5.0 V. b) conventionally (thermally) deposited, and electrodeposited at 5.0 V. Palladium absorbance 
measured at 340.5 nm. 
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73% and 92% for the respective 2.0 V and 5.0 V electrolyses relative to the 100% thermal de-
position. The atomisation absorption profiles are shown in Figure 3.6. The furnace tempera-
ture over the course of the absorption profile increases from 150°C at time zero, to 3000 °C 
at five seconds. 
3.3.1.6 Effect of Modifier Drying 
In tIns section, the necessity of the modifier rinsing and drying steps was investigated with a 
view to decreasing analysis times. In previous work using the electrodeposited palladium 
modifier, the modifier was dried (drying temperature ~ 110°C) and rinsed with 3% RN03 
prior to al1alyte deposition. 97,159 In subsequent work, N aj afi 173 omitted the rinse step but re-
tained the drying step. Further, the previous analysis protocols which required the drying and 
rinsing steps, used software to control the deposition potential. The potential was applied 
during the palladium deposition and switched off immediately before the modifier deposition 
medium was withdrawn. The potential remained off during the course of the acid rinse step. 
In contrast, most of the electrodeposition experiments described in this thesis were carried out 
using manual control of the deposition potential. In this situation, the potential remains 
switched· on for the entire duration of the experiment. 
The effect of drying or not drying was studied by comparing the lead deposition efficiency for 
two different modifier deposition protocols. 30 ~L of 10 ppm palladium in 1% RN03 was 
electrolysed for 20 seconds using an applied potential of 5.0 V. This was followed by a 
110°C drying step (optional), and a rinse of 30 ~L of 3% RN03 for five seconds. The pot-
ential was switched off during the acid rinse. Lead was deposited onto the modifier from 
20 ~L of a 20 ppb solution in 1 % RN03. The average peak absorbance for measurements in-
corporating the drying step was 0.273 (n=3, RSD 4.6%). For measurements made without the 
drying step, this dropped by 44% to 0.157 abs (n=2, RSD 0%). These results indicated that 
with these experimental conditions, modifier drying significantly increases sensitivity. 
Several other modifier deposition and drying protocols were compared using manual control 
of the deposition potential. In contrast to earlier experiments, the deposition potential 
remained switched on throughout the course of the experiment. Each protocol began by 
electrolysing 30 ~L of 10 ppm palladium solution containing 0.1 % RN03, for 20 seconds. 
The deposition was effected using two different applied potentials, 2.0 and 5.0 V, and three 
different modifier drying protocols: no dry, 150°C dry, and 1000 °C dry. Deposition was 
carried out using high-temperature deposition conditions for all experiments except one, in 
which low-temperature deposition conditions were used in order to replicate the preceding 
experiment. No acid rinse was included. Following modifier deposition (and drying), 20 ~L 
of lead solution (ca. 40 ppb in 1 % RN03) was deposited for 60 seconds under the same 
conditions used for deposition of the respective modifier. The absorbances obtained for the 
lead atomisation are shown in Table 3.2. These results indicate that where no acid rinse is 
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used, and the deposition potential remains switched on throughout the course of the 
experiment, drying the modifier has little effect on the sensitivity-regardless of the 
deposition temperature, potential, or modifier drying temperature. 
Mean lead absorbances (n=4, RSD S 7.6) for the 
follov.ring modifier drying conditions: 
No dry step k00CdrYing 1000 °C drying • 
2.0 V, 45°C, inert gas on 0.506 0.513 0.520 
(0.129) (0.126) (0.128) 
5.0 V, 45°C, inert gas on 0.498 0.511 0.535 
(0.146) (0.150) (0.156) 
15.0 V, room temperature, inert gas off 0.544 0.539 0.559 
(0.144) (0.147) (0.149) 
Table 3.2 The influence of modifier drying temperature on the deposition efficiency (peak and (integrated) 
absorbances) for lead. Palladium was deposited from 30 ilL of 10 ppm solution prepared in 0.1% HN03. Lead 
was deposited from 20 ilL of 50 ppb solution in 1% HN03. Lead absorbance was measured at the 283.3 nm 
resonance line 
3.3.1.7 Thermal Stability of Palladium 
To compare the stability of palladium deposited onto the furnace by thermal and electro-
deposition protocols, pyrolysis curves for the two deposition methods were measured. A 
200 ppb palladium solution was prepared in 0.1 % RN03. For electrodeposition, a 30 ilL 
sample was e1ectrolysed for 20 seconds at an applicd potential of2.0 V, using the high-temp-
erature deposition protocoL The deposit was rinsed with 35 ilL of water to remove residual 
solution, and then dried, pyrolysed, and atomised at 2800 dc. For thermal deposition, the 
same volume of solution was injected into the furnace, dried and pyrolysed at varied tempera-
tures, and then atomised at 2800 DC. The atomisation temperature ramp rate, as described in 
Chapter Two, was 1900 °C s·l, for both deposition protocols, and for all pyrolysis tempera-
tures. 
To aid comparison, the resulting pyrolysis curves (Figure 3.7) have been scaled using the inte-
grated absorbance values for pyrolysis temperatures of 1200 DC. This scaling is necessary be-
cause the electrodeposition protocol gives lower sensitivity (due to non-quantitative deposi-
tion within the 20 second electrolysis time). 
It was observed that when "cleaning" a used furnace tube (by heating to 2800 DC), a signifi-
cant palladium absorbance was recorded. This was further investigated, by e1ectrodepositing 
30 ~LL of 500 ppb palladium solution in 1 % RN03 onto a clean furnace, drying, and atomising 
at low temperature (2300 DC). A peak absorbance of 0.640 was recorded. The furnace was 
then heated to high temperature (2800 DC) twice, with no further addition of palladium. The 
absorbance for the first high temperature firing was 0.076, and for the second 0.019 
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(corresponding to baseline noise). This effect was reproducible for palladium deposited both 
thermally and by electrodeposition. Atomisation profiles for consecutive low and high tem-
perature atomisations are shown in Figure 3.8. The atomisation temperature ramp began at 
850°C and ended at either 2300 °C or 2800 dc. The relative ramp rates were 1450 °C s-1 and 
1625 °C s-1 respectively. The peak absorbances in both cases appeared at the maximum point 
of the furnace temperature ramp. 
To test whether the amount of the more refractory form of palladium was cumulative, four 
consecutive depositions and corresponding low-temperature (2300 0c) atomisations were 
carried out. The furnace was then heated to high temperature (2800 0c) twice. The peale ab-
sorbance for the first high temperature firing was 0.235 (corresponding to accumulation from 
four single depositions) followed by 0.023 for the second firing (corresponding to no 
remaining palladium). 
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Figure 3.7 Pyrolysis curves for palladium deposited from 30 flL of 200 ppb palladium in 1 % RN03. By 
thermal deposition (0) and by electrodeposition for 20 seconds at 2.0 V (D). Electrodeposition was effected 
under high-temperature conditions. Palladium absorbance was measured at 340.5 nm. 
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Figure 3.8 Absorption-time profiles for palladium atomised at 2300 DC, and the residual palladium atomised at 
2800 DC. 
3.3.2 Discussion 
3.3.2.1 Deposition Time 
The primary aim of this section of work was to optimise the palladium electrodeposition step. 
That is, to produce in the minimum time, a modifier deposit that gives high sensitivity and 
thermal stability for the analyte. Figure 3.1 shows that it requires 60 seconds for deposition to 
be quantitative, however, deposition is more than 80% complete within the first 20 seconds of 
electrolysis. Provided that sufficient palladium is accumulated to stabilise a subsequently 
deposited analyte, there is no need to can-y out exhaustive electrolysis. As can be seen from 
Figure 3.2, a twenty second deposition from a 10 ppm solution in 0.1 % HN03 gives good 
sensitivity for lead determination (characteristic mass ca. 8.0 pg). Figure 3.2 also shows that 
although larger amounts of palladium further increase the analyte stability, the sensitivity is 
decreased. This observation agrees well with previously reported findings. 138,173,174 
3.3.2.2 Deposition Medium 
Table 3.1 shows that for lead detelmination, the sensitivity is the same whether using modifier 
in 0.1 % HCI or 0.1 % HN03. Figure 3.3 shows that palladium deposits produced from the two 
different media (readings "one" and "three") are equivalent in terms of stabilisation (T app) and 
the release temperature (T max) for lead. lbis is contrary to the findings of Najafi, 173 who 
observed a lower degree of lead stability when using palladium deposited from HN03. It is 
possible that Najafi unwittingly observed the same phenomenon shown in Figure 3.3; Le. im-
mediately following measurements made using RCI-based modifier, the first lead atomisation 
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profile using the HJ'JOrbased modifier was shifted to lower temperature. Subsequent meas-
urements were the same as those for the HCI-based modifier (closely resembling the results 
presented by Najafi). TI1e reason for this shift is unclear. 
An alternative explanation for the different findings is the use of different experimental condi-
tions. TI1ese are respectively for this study, and that of Najafi: different acid concentrations 
for palladium deposition (0.1 % acid vs 1 %), different media (1 % HJ'J03 vs 0.5 M NaCl) and 
different potentials (2.0 V vs 3.0 V) for lead deposition. 
Nitric acid was chosen as the palladium deposition medium for use in further studies. For 
practical purposes, the concentrated nitric acid produces fewer fumes than concentrated hyd-
rochloric acid, and so is easier to handle for preparing dilutions. Also, solutions prepared in 
nitric acid can be used for both ED-ETAAS and conventional ETAAS analyses, whereas hyd-
rochloric acid is not regarded as a good sample medium for ETAAS. 
Figure 3.4 shows that the acid concentration in the palladium modifier solution has a minimal 
effect on the integrated absorbance for lead analysis. The peak height absorbances (not 
shown) were unaffected (within error) by the acid concentration. This indicates that under the 
conditions used, similar amounts of palladium are deposited regardless of the acid concentra-
tion. 
The nitric acid concentration selected for modifier deposition was 0.1 %. This good ana-
lytical sensitivity, while reducing the size of analyte blanks arising from the nitric acid. 
Figure 3.5 shows the effect of deposition potential on the amount of palladium deposited for 
two different concentrations of nitric acid. For the conditions used, deposition is not quanti-
tative, hence the absorbance reflects the rate of electrodeposition. The results show a strong 
rate dependence on both the potential and the acid concentration. This is probably related to 
the current density, and convective stirring arising from hydrogen evolved at the cathode 
(furnace surface). Within the graphite furnace, hydrogen evolution is first apparent as bubbles 
on the furnace surface at an applied potential of ca. 2.0 V. This is reflected in Figure 3.5, 
where very little deposition occurs at potentials below 2.0 V. Higher potentials, and higher 
acid concentrations promote more hydrogen evolution, and hence more efficient sample stir-
ring and electrolysis. The increased current density for the higher acid concentration also 
contributes to the greater deposition efficiency. 
For situations where deposition is effected while using a raised temperature and a constant 
flow of inert gas above the sample, sample mixing is not dependent on hydrogen evolution. 
Convection occurs within the sample, as the solution is heated from the bottom by the fur-
nace, and cooled from the top by the inert gas stream. This convectional stirring is readily 
observed in an experiment to simulate the graphite furnace electrodeposition conditions. 
When aluminium powder is added to a drop of water on a section of graphite furnace, it 
slowly settles to the bottom. When the furnace section is placed on a hotplate at 45 cC, and 
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an inert gas stream is passed over the top of the liquid, the aluminium powder circulates 
rapidly and does not settle. Under these conditions, sample electrodeposition is efficient at 
potentials below those where rapid hydrogen evolution occurs, and there is little difference in 
deposition efficiency at 2.0 V and 5.0 V. 
The finding that deposition rate is strongly dependent on deposition potential conflicts with 
the findings of Najafi, 173 where no such relationship was observed. The difference probably 
arises from the amount of palladium used in the experiment. For the results presented in 
Figure 3.5, the amount of palladium present in the deposition solution was 10 ng. The 400 ng 
used by Najafi produeed peak absorbanees greater than 2.0-well above the usable linear 
working range for absorbance measurements. Therefore, few meaningful conclusions ean be 
derived from her results. 
3.3.2.3 Thermal Stability of Palladium Deposits 
Figure 3.6 compares the thermal stability of palladium deposited thermally with that for pal-
ladium deposited by electrolysis at 2.0 and 5.0 V. It can be seen from the relative peak hei-
ghts and areas, that the electrodeposition is almost quantitative, and that by using convection-
controlled deposition (45°C with inert gas flow), deposition efficiency at 2.0 V is only 
marginally lower than at 5.0 V. The temperature at which palladium atoms first appear (app-
earance temperatures) is the same for palladium electrodeposited at both 2.0 V and 5.0 V. 
There is a slight difference between the appearance temperatures for thermally deposited pal-
ladium, and palladium electrodeposited at 5.0 V. Further evidence for a small difference in 
stability can be seen by comparing the pyrolysis curves (Figure 3.7). These show that ther-
mally deposited palladium begins volatilising at a slightly lower temperature than electro-
deposited palladium. Complete volatilisation also occurs at a lower temperature for the ther-
mally deposited modifier. However, the difference is small. 
The reason(s) for the improved thermal stability of the electrodeposited palladium could be 
thermodynamic, kinetic, or a combination of both. For desorption of a metal (e.g. palladium) 
from a substrate ( e.g. graphite), the activation energy and (kinetic) order of release 
(desorption) depend on such factors as the metal-substrate interaction, the geometry of the 
particles from which atoms desorb, and the mass of substance desorbing.175 Given the differ-
ent morphologies of palladium deposits produced by thermal or electrochemical reduction, all 
of these factors are likely to influence the deposit stability. Electrodeposited palladium forms 
very fine particles over the furnace surface107 while the particles produced by thermal palla-
dium reduction are generally larger and less evenly distributed,99 Therefore, both the geo-
metry and average mass of the deposits will be different. Because of the smaller particle size, 
the eleetrodeposited palladium particles are in more intimate contact with the graphite furnace 
surface. If the C-Pd interaetion is stronger than that for Pd-Pd,then we could expect a smaller 
palladium particle to be more thermally stable than a larger one. 
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The other feature of interest in Figure 3.6 is the shoulder that appears on the trailing edge of 
the absorbance-time profiles. This shoulder implies that atomisation occurs from two forms 
of palladium; one more thermally stable than the other. Further evidence for this is shown in 
Figure 3.8 where, following atomisation at 2300 DC, the residual palladium can only be atom-
ised by using temperatures ~ 2800 DC. 
This more refractory form of palladium may cOlTespond to palladium atoms that are in intim-
ate contact with the graphite surface. However, given that the refractory palladium accumu-
lates over several atomisation cycles, it is more likely to cOlTespond to a palladium carbide or 
palladium that has penetrated into the pyrolytic graphite surface of the furnace. Majidi and 
Robertson147 used Rutherford backscattering spectrometry to show that palladium diffused 
into pyrolytic graphite at elevated temperatures. The diffusion began at temperatures as low 
as 370 K (97 DC) with palladium diffusing up to 2 nm deep into the surface. At temperatures 
above 770 K (497 DC), the palladium was shown to penetrate more than 5 nm into the pyro-
lytic graphite surface. It is likely that the vaporisation and atomisation kinetics of deeply 
intercalated palladium would be slow compared with those for palladium present on the fur-
nace surface. To explore this hypothesis further would entail performing a series of experi-
ments where different pyrolysis temperatures are held for extended times (ca. 60 seconds) 
prior to atomisation. If intercalated palladium were the refractory species, the amount of re-
fractOlY palladium formed per atomisation cycle should increase with pyrolysis temperature. 
The refractory palladium species showed no capacity to stabilise lead. Furnace tubes that had 
undergone many atomisation cycles (at 2300 DC) using palladium modifier, and hence would 
be expected to have accumulated a significant amount of refractory palladium, behaved as un-
modified furnaces. Thus for subsequent work, palladium modifier was redeposited for each 
, 
determination. 
3.3.2.4 Modifier Drying and Rinsing 
For earlier palladium electrodeposition protocols, as used by Powell and Matousek,97,99 
Smith,159 and Najafi,173 it was considered necessary to dry the palladium deposit prior to 
analyte deposition. Using the original protocol, where the modifier deposition is followed by 
an acid rinse during which no potential is applied, the drying step seems to be important to the 
analyte deposition. Sensitivity is greatly decreased if the drying step is omitted. However, 
Table 3.2, where the deposition protocol does not include the acid rinse step, shows that the 
drying step has no significant effect on analyte sensitivity, regardless of the deposition 
conditions. The reasons for the difference are unclear. It is unlikely that palladium deposits 
can be dissolved by 3% HN03, so the difference must lie in the nature of the deposits. 
Matousek and Powe1l99 reported that palladium deposited from nitric acid appeared to be 
loosely bound to the furnace surface, and during scanning electron microscopy, exhibited 
fluorescence (characteristic of non-conducting or semi-conducting materials). Palladium 
76 Electrodeposition and ElectrodeDosited Modifiers in ETAAS 
compounds are readily reduced to palladium metal by hydrogen gas. 176 The modifier 
deposition protocol employed by Matousek and Powell used a 5.0 V deposition potential. At 
this voltage, vigorous hydrogen evolution at the cathode (furnace surface) would have 
saturated the deposition medium with molecular hydrogen. It is likely therefore, that some 
palladium is chemically reduced by nascent hydrogen rather electro-reduced onto the cathode 
surface. Such chemically-reduced palladium would be found as free particles rather than the 
surface-bound deposits formed by electrolysis. Credence is lent to this hypotheses by 
Matousek and Powell's observation that the spent palladium deposition medium contained 
palladium metal which could be removed by micro-filtration.l77 This particulate palladium 
probably corresponds to palladium reduced by nascent hydrogen. 
If any hydrogen-reduced palladium adsorbs to the furnace surface, this would account for the 
loosely-bound, non-conducting palladium deposit that Matousek and Powell observed after 
deposition from nitric acid. The reason that this was not observed following deposition from 
hydrochloric acid may lie in the concentration of the acid. The nitric acid deposition medium 
was 1% nitric acid; approximately 0.16 M. The hydrochloric acid deposition medium was 
0.5%; approximately 0.06 M. It may be that the three-fold difference in acidity was sufficient 
to bring about significant chemical reduction in the nitric acid, but not in the hydrochloric 
acid. 
Loosely-bound or adsorbed palladium particulates on the furnace surface could conceivably 
be desorbed by a 3% HN03 rinse step. The drying step could serve to desolvate the particles, 
which could then adsorb to the furnace, providing an electrically conductive surface for ana-
lyte deposition. * The decrease in analyte sensitivity where the drying step is omitted could 
have two causes. Particulate palladium that is not secured to the furnace surface by drying 
could be removed along with deposition or rinse media during subsequent steps. Loss of suf-
ficient modifier could reduce analyte stability and sensitivity. Alternatively, analyte may de-
posit on, or adsorb to, loosely-bound palladium particles which are then removed from the 
furnace in subsequent rinse steps. This would have a far more drastic effect on analytical 
sensitivity, as analyte is actually removed from the furnace prior to atomisation. 
The work which showed that modifier drying was unnecessary (where the acid rinse step is 
omitted), was pelfonned late in the course of this research. Consequently, unless otherwise 
stated, the palladium deposit was dried at temperatures :2 110 DC. 
* Note: The work of Majidi and Robertson, 147 showing that palladium diffuses into pyrolytic graphite at 
temperatures as low as 370 K, implies that palladium deposits will be at least partially "mobile" at the llOoC 
temperature used for drying the deposit. 
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3.4 ALTERNATIVE NOBLE METAL MODIFIERS 
The purpose of this section was to briefly explore other noble metals as modifiers for ED-
ET AAS, to see if they offered any significant advantages over the palladium modifier. Such 
advantages may include: improved analyte stability, improved sensitivity for analyte deter-
mination, or the ability to re-use the modifier. 
3.4.1 Experimental and Results 
3.4.1.1 Pyrolysis Loss Curves 
The analyte stabilising properties of three different modifiers (palladium, iridium, and 
rhodium) were examined by comparing the pyrolysis loss curves for lead deposited onto the 
modifiers. High-temperature deposition protocols were used to deposit the lead analyte and 
all three modifiers 
Palladium: Palladium was deposited at 5.0 V for 20 seconds from 30 ilL of 10 ppm solution 
in 1 % RN03. The deposit was rinsed with 3% HN03 and dried prior to lead deposition. 
Lead was deposited from 20 ~LL of 20 ppb solution in 1 % RN03. 
Iridium: Iridium was deposited from 30 flL of 100 ppm solution using an applied potential of 
2.0 V for 20 seconds. The deposit was rinsed with 0.1 % RN03 and dried at 110 DC prior to 
lead deposition. Lead was deposited at 2.0 V for 60 seconds from 20 ~LL of 50 ppb solution in 
1% RN03· 
Rhodium: Rhodium was deposited at 2.0 V for 20 seconds from 20 ilL of 10 ppm solution in 
0.1 % RN03. The modifier was dried (no acid rinse) at 110 DC prior to lead deposition. Lead 
was deposited at 2.0 V for 60 seconds from 20 ilL of 50 ppb solutionin 1 % RN03. 
In each case, the lead absorbance was measured at the 283.3 nm lead line. The resulting pyro-
lysis curves, shown in Figure 3.9, have been scaled to compensate for the different amount of 
lead used in each experiment. The absolute absorbances are shown as a fraction of the 
absorbance measured at the pyrolysis temperature that gave the highest sensitivity for lead; 
i.e. 1100 DC for palladium, 900 DC for rhodium, and 800 DC for iridium. 
3.4.1.2 Sensitivity For Lead Using Different Modifiers 
The analytical sensitivity for lead determination was compared using the three modifiers, pal-
ladium, rhodium, and iridium. High-temperature deposition protocols were used to deposit 
the lead analyte and all three modifiers. 
Palladium versus Rhodium: Palladium and rhodium were deposited for 20 seconds at 2.0 V 
from 10 ppm solutions containing 0.1 % RN03. The modifier deposits were dried to 110 DC 
prior to lead deposition. Lead was deposited onto the modifier for 60 seconds at 2.0 V from 
50 ppb solution in 1 % Hl~03. The lead was pyrolysed at 1100 DC, and atomised at 2300 DC. 
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The lead absorbance was measured at the 283.3 run lead line. 
The average peak absorbance for the lead signal using palladium modifier was 0.540 (n=2, 
RSD=0.7%); using the rhodium modifier, the lead absorbance was 0.536 (n=3, RSD=4.5%). 
Absorbance-time profiles for lead atomisation with the two modifiers are shown in Figure 
3.10. 
Following the lead determination using the rhodium modifier, lead was determined using no 
fmiher modifier depositions. The first determination resulted in an absorbance of 0.141, the 
next was 0.095. 
Palladium versus Iridium: Experimental conditions were as for the previous experiment. 
Iridium was deposited from a 10 ppm solution containing 1 % HN03. 
The average peak absorbance for the lead signal using palladium modifier was 0.562 (n=4, 
RSD=2.9%); using the iridium modifier, the lead absorbance was 0.565 (n=2, RSD=0.6%). 
The absorbance-time profile for lead atomised with iridium modifier is shown in Figure 3.10. 
Following the lead detelmination using the iridium modifier, lead was determined without 
fmiher modifier deposition. The first determination resulted in an absorbance of 0.347, the 
second determination, 0.359. 
3.4.2 Discussion 
One of the primary aims of this section of work was to find a modifier which would provide 
better thermal stabilisation for a lead analyte than achieved with palladium modifier. Figures 
3.9 and 3.10 both show that neither rhodium nor iridium offers improved lead stabilisation. 
Contrary to expectations, the stabilising ability for each of the three modifiers is inversely 
proportional to its melting point. The melting points for palladium, rhodium and iridium (in 
order oflead stabilising ability) are 1554 DC, 1966 DC, and 2410 °C respectively.31 
The inverted order of the modifier's stabilising properties relative to their melting points, 
implies that diffusion of analyte from clusters of modifier (on atomisation) is influenced more 
by interactions between analyte and modifier than the melting temperature of the modifier. 
TIns lends suppOli to the idea of low temperature intermetallic fOlmation between analyte and 
modifier metals. 
The finding that palladium provides better lead stabilisation than rhodium, concurs with the 
results of Bulska et al., 169 who found that palladium stabilised mercury to a higher degree 
than did rhodium. Unfortunately, attempts to find analogous comparisons for palladium and 
iridium in the literature have proved unsuccessful, most researchers having focussed on the 
re-usable nature of the iridium modifier rather than its relative stabilising properties. 
The finding that all three modifiers produced identical sensitivity for lead determination is not 
a universally applicable principle. For mercury determination, Bulska et al. 169 found that 
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Figure 3.9 Pyrolysis curves for electrodeposited lead using three different electrodeposited modifiers: palla-
dium (D), rhodium (0) and iridium (+) Lead and palladium deposited from 1 % EN03, and iridium and 
rhodium from 0.1 % HN03. Errors are shown as RSDs. Maximum lead pyrolysis temperatures for each modi-
fier are indicated by the dotted vertical lines. 
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Figure 3.10 Absorbance-time profiles for lead atomisation using three different electrodeposited modifiers. 
Iridium deposited from 1% HN03, rhodium and palladium deposited from 0.1 % EN03. Lead deposited from 
1 % HN03, and atomised at 2300 dc. Identical furnace temperature ramp rates were used for each experiment. 
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while rhodium and iridium provided almost the same sensitivity for mercury determination, 
this was only 60% of the sensitivity achieved using palladium modifier. The difference be-
tween the mercury results and those presented within this chapter, may be due to the mor-
phology of the modifier deposit. The modifiers used by Bulska et at. were thermally reduced 
prior to injection of sample into the furnace. The electrodeposition protocol used here, is 
likely to produce a modifier deposit with a higher surface area and more even particle size 
distribution, resulting in improved analyte stabilisation and sensitivity. 
The attempt to find a modifier that could be re-used proved fruitless. In the case of rhodium, 
sensitivity for lead determination decreased markedly (>70%) when atomisation took place 
with no further rhodium addition. The situation for iridium while not quite so marked, still re-
sulted in a considerable sensitivity decrease (ca. 40%) for lead determination when no further 
iridium was used. Although it is likely that some of each modifier (iridium in particular) re-
mains on the furnace after atomising at 2300 DC, either the amount is too little, or the form un-
suitable to significantly stabilise the lead analyte-this could not readily be checked. It is 
possible that whatever modifier remains is deeply intercalated under the pyrolytie graphite 
surface and hence interacts weakly withthe lead analyte. Studies where modifiers have been 
reused, have generally used large anlounts of modifier,162,165 and/or lower atomisationl 
cleaning temperatures 160,163,164,169 than were used in this study. Both of these practices 
would act to retain a larger amount of modifier in the furnace after each atomisation cycle. 
None of the available alternatives to palladium modifier offered any advantage for lead deter-
mination. Sensitivity was equal whether using palladium, rhodium, or iridium modifier. 
None of the modifiers proved to be re-usable without significant sensitivity loss, and 
palladium modifier provided the best thermal stabilisation for lead determination. Therefore, 
palladium was selected as the modifier of choice for further work presented in this thesis. 
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Chapter Four 
Reducible Metals in Acid Media 
4.1 INTRODUCTION 
This chapter describes method development for the ED-ETAAS technique. Initial work used 
lead in acid media to model a common analyte in a relatively simple sample matrix. The vari-
ous parameters relating to lead deposition and atomisation, such as the deposition medium, 
electrolysis time, and washinglrinsing protocols were examined and optimised. The causes of 
high analyte blanks were investigated, and solutions to these problems tested and evaluated. 
The method was then characterised by comparing sensitivity and thermal stability for lead 
determination by ED-ETAAS and conventional ETAAS. The characteristic mass, linear 
working range, and detection limits for lead determination by ED-ETAAS were determined. 
The protocol developed for lead analysis was then adapted for determination of other reduc-
ible metals in acid media. These metals were copper, bismuth, cadmium and nickel. The sen-
sitivity, degree of stabilisation achieved by the deposition process, and effect of deposition 
media were evaluated for each metal. 
4.2 LEAD DETERMINATION 
4.2.1 Deposition Parameters 
The ED-ETAAS protocol used by Matousek and Powell97 for lead determination (in 
1 % RN03 solution) involved depositing, drying and rinsing the palladium modifier, followed 
by electrolysis of the lead sample solution (25-30 ~L) for 60 seconds at 4.0-5.0 V. The lead 
deposit was then rinsed with 50-60 ~L of water. The purpose of the work described in this 
section was to optimise the deposition medium and shorten the analysis time, while retaining 
sensitivity equal to or exceeding that obtained using conventional ETAAS. 
4.2.1.1 Deposition Medium 
Nitric Acid versus Hydrochloric Acid 
Lead deposition efficiency from HCI was compared with that from RN03. Following modi-
fier deposition, 20 ~L of 50 ppb lead solution was deposited for 60 seconds using an applied 
potential of 4.5 V. Three different lead sample media were used: 1% RN03, 0.5% RN03 / 
0.73% HCI, and 1.45% RN03. Following deposition, the lead deposit was rinsed with 30 ~L 
of HN03 for 60 seconds, and then with 30 ~L of water for lO seconds. The potential was 
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switched on (under automatic control) during each step; deposition was effected using the 
low-temperature deposition protocol. The samples were pyrolysed at 400 DC, and then equil-
ibrated at 400 DC prior to atomisation at 2300 DC (as described in Chapter Two). The mean 
lead absorbances (blanlc corrected), measured at 283.3 nm are shown in Table 4.1. 
Lead deposition medium Mean peak absorbance (n=4) RSD 
1% HN03 (ca. 0.16 M H+) 0.435 2.82% 
0.5% HN03 /0.73% HCl (ca. 0.16 M H+) 0.175 6.36% 
1.45% HCl (ca. 0.16 M H+) 0.031 6.46% 
Table 4.1 Relative sensitivity for determination oflead by ED-ETAAS, using different sample electrodeposi-
Hon media. Lead electrodeposited from 20 ilL of 50 ppb solution at 4.5 V, onto pre-deposited palladium modi-
fier. 
Nitric Acid Concentration 
Having established HN03 as a suitable electrodeposition medium, the effect ofHN03 concen-
tration was examined. 20 ilL of 50 ppb lead solution (prepared in varying concentrations of 
HN03) was deposited onto palladium, at 2.0 V for 60 seconds. The lead deposit was then 
rinsed with 30 ilL of 1 % HN03 for 60 seconds, then 30 ilL of water for 10 seconds. The 
deposition potential remained on throughout the entire process. The lead absorbances meas-
ured at 283.3 mn are shown in Figure 4.1. 
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Figure 4.1 Lead deposition as a function of medium acidity. Lead deposited onto palladium, from 20 ilL of 
50 ppb lead solution, at 2.0 V for 60 seconds, redeposited from 30 ilL of 1% RN03 for 60 seconds, then rinsed 
with 30 ilL of water for] 0 seconds. Lead absorbance measured at 283.3 nm. 
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4.2.1.2 Deposition Efficiency 
Procedure: To determine whether the lead electrodeposition process was quantitative, the 
spent lead-electrodeposition matrix was analysed using square wave anodic stripping voltam-
me try (SW-ASV). Palladium was electrodeposited on the furnace for 20 seconds from 30 ~L 
of 10 ppm solution in 0.1%RN03' The palladium deposit was rinsed with 30~L of 
1 % HN03 and dried at 110°C prior to sample deposition. The lead sample was electro-
deposited for 60 seconds from 40 ~L of 100 ppb solution prepared in 1 % HJ\f03. The 
electrodeposition was carried out using the low-temperature deposition protocol with a 
deposition potential of ca. 4.5 V. After sixty seconds of electrolysis, the lead deposition 
medium was removed from the furnace using a micropipette tip, and collected in a vial. Once 
sufficient solution had been collected from replicate depositions, the lead content of the 
solution was determined using SW-ASV. 
SW-ASV analysis was carried out by adding 100 ~L of the spent electrodeposition solution to 
5.0 mL of water in a borosilicate-glass cell. The solution was acidified with 10 ~L ofRN03 
to provide sufficient ionic strength for analysis, and deoxygenated for 10 minutes. A deposi-
tion time of 600 seconds and an applied potential of -0.9 V (vs Ag/AgCI) were used to 
preconcentrate the lead on a hanging mercury drop electrode (HMDE). After a ten second 
equilibration time, the lead was stripped from the electrode by ramping the cathode potential 
from -0.9 to -0.2 V. The square wave stripping parameters were: 100 Hz frequency, 2.0 mV 
scan increment, and 20 m V pulse height. 
Measurements were made for the blank stripping medium (0.2% RN03), the collected elec-
trodeposition residue, and the original 100 ppb lead solution. 
Results: 
Sample Composition SW -AS V stripping current 
(1) Blank (0.2% RN03) 29.3 nA 
(2) (1) + 100 r-tL of spent electrodeposition medium 47.6 nA 
(3) (2) + 100 ~L of 100 ppb lead solution 312.7 nA 
Hence, the residual lead concentration, calculated as a percentage of the original 100 ppb lead 
concentration, was 6.9%. This corresponds to a 93% deposition efficiency. 
4.2.1.3 Deposition Potential 
The effect of the deposition potential for lead was examined. The lead sample was deposited 
onto a palladium-modified furnace from 20 ~L of 50 ppb solution containing 1 % RN03. The 
lead deposit was re-deposited from 35 r-tL of 1 % RN03 for 60 seconds and rinsed with 35 ~L 
of water for five seconds. The sample was then pyrolysed at 1100 °C, equilibrated at 400°C, 
and atomised at 2300 °C. The experiment was repeated using a range of deposition potentials. 
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Because the deposition rate depends on stirring, deposition was carried out under conditions 
where stirring was provided by thermal convection (high-temperature deposition protocol). 
This allowed efficient deposition to occur at potentials below those required for stirring 
through hydrogen evolution. The thermal convection was effected by depositing at elevated 
temperature (45°C) and flowing inert gas across the sample solution. The results are shown 
in Figure 4.2. 
4.2.1.4 Rinses and Acid Re-depositions 
Matousek and Powell's electrodeposition protocol employed washing steps which were 
designed to remove residual sa1"nple matrix from the fum ace prior to analysis.97 These steps 
involved either; "rinsing" the sample deposit with water or dilute nitric acid (no applied 
potential), or "re-depositing" the sample by using a prolonged acid rinse with the deposition 
potential switched on. These rinsing and re-deposition steps were examined to ensure that 
analyte was not being 'lost' through dissolution and subsequent removal with the rinse/re-
deposition solution. Such analyte loss is considered undesirable because ofthe corresponding 
decrease in analytical sensitivity. 
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Figure 4.2 Effect of electrolysis potential on lead deposition. Lead deposited onto a palladium-modified 
furnace from 20 ilL of 50 ppb solution containing 1% HN03, re-deposited from 35 ilL of 1% HN03 for 60 
seconds, and rinsed with 35 ilL of water for five seconds. Lead absorbance was measured at 283.3 nm. 
Acid Re-deposition Time 
The duration of the re-deposition step was optimised by preparing a plot of re-deposition 
time versus absorbance for a lead sample. The lead sample was electrodeposited onto a 
palladium-modified furnaee from 20 JlL of 20 ppb solution in 1 % ffi~03. The solution was 
electrolysed for 60 seconds using an applied potential of 4.5 V. A 30 JlL aliquot of 1 % RN03 
was then injected into the furnace, and the deposition potential applied for varying lengths of 
time. The lead absorbance was measured at the 283.3 nm lead resonance line. The resulting 
plot is shown in Figure 4.3. 
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Figure 4.3 The effect of acid re-deposition time on sensitivity for lead determination. Lead deposited onto a 
palladium-modified furnace from 20 ilL of 20 ppb solution in 1 % HN03. Acid re-deposition effected at room 
temperature with no inert gas flow, from 1% HN03, using an applied potential of 4.5 V. 
Analyte Losses Due to Re-deposition and Rinsing 
Lead was deposited onto a palladium-modified furnace from 20 !J.L of 20 ppb solution in 
1 % HN03. Deposition was effected using a potential of 4.5 V. Following lead deposition, 
three different protocols were evaluated. 
a) The lead deposit was dried, pyrolysed, and atomised with no further treatment. 
b) Prior to measurement, the lead deposit was re-deposited from 30 !J.L of 1 % HN03 for 
60 seconds. 
c) As for b), except the re-deposition was followed by a 30 !J.L water rinse for 5.0 seconds. 
The results are shown in Table 4.2. 
Rinse protocol Mean peale absorbance RSD 
(n=6) 
None 0.280 4.5% 
60 seconds re-deposition from 1% HN03 0.278 6.2% 
60 seconds re-deposition from 1 % HN03 followed by 0.272 7.8% 
a five second water rinse 
Ta ble 4.2 The effect of different rinse protocols on sensitivity for lead determination. Lead deposited onto a 
palladium-modified furnace from 20 ppb solution in 1 % HN03. Electrodeposition at room temperature with no 
inert gas flow, for 60 seconds at 4.5 V. Lead absorbance measured at the 283.3 nm lead resonance line. 
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4.2.1.5 Blanks 
Detection limits for lead determination were adversely affected by large blank values. The 
blanks originated from trace contaminants in the deposition media and in the palladium modi-
fier. High blanks originating from contamination in the deposition media (Aristar lIN03) were 
countered by using low concentrations of acid where possible, and by using acid that had been 
freshly diluted; for dilute acid samples that were stored in glass flasks, blank values increased 
over time. Blanks arising from trace contaminants in the palladium modifier proved more diff-
icult to eliminate. The method used to deal with these impurities, was to selectively elec-
trodeposit the palladium, leaving the contaminants to be removed with the spent deposition 
medium. TIns selective electrodeposition was achieved by manipulating the deposition poten-
tial. 
Procedure and Results: 30 ilL of 10 ppm palladium solution containing 1 % HN03 was de-
posited for 20 seconds, using two different applied potentials: 0.7 and 2.0 V. The palladium 
was dried, and a lead sample deposited on top of it. The lead was deposited at 2.0 V from a 
50ppb solution containing 1 % HN03. The deposit was then rinsed with 40 ilL of 1 % HN03 
for 60 seconds and 40 ilL of water for 5.0 seconds. All depositions were effected using the 
high-temperature deposition protocol, and the deposition potential remained on throughout 
the entire experiment. Following deposition, the sample was pyrolysed at 1100 °C, and 
atomised at 2300 °C. The lead absorbances measured at the 283.3 nm lead resonance line (not 
blank-conected) are shown in Table 4.3. 
4.2.2 Method Characterisation 
4.2.2.1 Thermal Stability of Lead deposits 
The effects of the electrodeposition process and the palladium modifier on the lead deposit's 
stability were examined. This was done by comparing the pyrolysis curves and atomisation 
profiles for lead deposited by different methods: electrodeposited, electrodeposited onto 
palladium modifier, and thermally deposited. 
Mean peak absorbance for Mean peak absorbance for 
0.7 V modifier deposition 2.0 V modifier deposition 
1 % HN03 blank 0.007 (n=2, RSD=lO%) 0.040 (n=2, RSD=7.1%) 
50 ppb lead in 1 % HN03 0.580 (n=2, RSD=1.7%) 0.591 (n=2, RSD=I.3%) 
Table 4.3 Effect of modifier deposition potential on size of the lead blank. Palladium deposited from 30 ilL of 
10 ppm solution in 1% HN03. Lead depos ited at 2.0 V from 20 ilL of a 50 ppb solution containing 
1 % HN03. Deposition effected using the high-temperature deposition protocol. Lead absorbances measured at 
the 283.3 nm lead line. 
Chapter Four Reducible Metals in Acid Media 87 
Pyrolysis Curves 
Lead electrodeposited onto graphite: 20 ilL of 50 ppb lead solution in 1 % RN03 was depos-
ited onto the furnace for 60 seconds. The deposit was redeposited from 30 ilL of 1 % RN03 
for 60 seconds. Deposition was effected using the low-temperature protocol, and a deposi-
tion potential of 4.2 V. The deposit was dried, pyrolysed, and atomised at 2300 cC. The lead 
absorbance was measured at 283.3 nm. 
Lead electrodeposited onto palladium-modified graphite: 30 ilL of 10 ppm palladium solution 
in 1% RN03 was deposited onto the furnace for 20 seconds. The deposit was rinsed with 
30 ilL of 1.% RN03 for 5.0 seconds (deposition potential switched off). Lead was deposited 
onto the palladium for 60 seconds from 20 ilL of a 20 ppb solution which contained 
1 % RN03. Deposition was effected using the low-temperature protocol, and a deposition 
potential of 4.5 V. The deposit was dried, pyrolysed, and atomised at 2300 cC. The lead ab-
sorbance was measured at 283.3 nm. 
The absorbances obtained for different pyrolysis temperatures are shown in Figure 4.4. To 
aid comparison, the pyrolysis curves have been scaled. This is necessary because the two ex-
periments were carried out using different amounts of lead, hence giving markedly different 
absorbances. The absorbances for each pyrolysis temperature are shown as a fraction of the 
highest absorbance obtained for any pyrolysis temperature; i.e. for lead deposited directly 
onto graphite, absorbances are shown as a fraction of the absorbance obtained for a pyrolysis 
temperature of 600 cC, for lead on palladium, absorbances are shown as a fraction of the ab-
sorbance obtained using a pyrolysis temperature of 800 cC. 
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Figure 4.4 Pyrolysis curves for lead electrodeposited onto pyrolytic graphite (0) , and lead deposited onto pal-
ladium-modified pyrolytic graphite (0) The lead was deposited from 1 % RN03 using low-temperature deposi-
tion conditions. The absorbance was measured at the 283.3 nm lead resonance line. 
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Atomis(ltion Profiles 
Atomisation profiles were compared for lead deposited by different means, and onto different 
surfaces. Lead was deposited conventionally (thermally), and by electrodeposition, onto both 
unmodified pyrolytic graphite, and palladiwn-modified pyrolytic graphite. In each case, the 
lead was introduced to the fumace as 20 J.lL of 50 ppb solution, prepared in 1 % HN03. The 
palladium modifier (where used) was electrodeposited for 20 seconds from a 10 ppm solution 
prepared in 0.1 % HN03. Pyrolysis temperatures of 600 °e, and atomisation temperatures of 
2300 °e were used tlu·oughout. In order to achieve better resolution of the absorption pro-
files, the atomisation temperature-ramp was slowed to 380 °e s-l. Lead absorbance was mea-
sured at 283.3 nm. Four different lead deposition protocols were used; the experiments were 
carried out in the order listed below. 
1. The lead sample was analysed by conventional ETAAS (using a new furnace). 
2. The lead was electrodeposited onto the unmodified furnace for 60 seconds using the 
high-temperature deposition protocol and a deposition potential of 2.0 V. 
3. The furnace was modified with electrodeposited palladium prior to thermal lead deposi-
tion. 
4. The furnace was modified with electrodeposited palladium prior to lead electrodeposi-
tion. 
All electrodepositions, for both modifier and lead, were effected using the high temperature 
deposition protocol and a deposition potential of 2.0 V. The different absorbance-time pro-
files obtained for lead atomisation with each different deposition protocol are shown in Figure 
4.5. 
4.2.2.2 Detection Limit 
The detection limit (DL) for lead electrodeposited on palladium was calculated using replicate 
measurements for a 1 % HN03 blank, and a 50 ppb lead sample. The furnace was modified 
with palladium by depositing 30 J.lL of a 10 ppm solution containing 0.1 % HN03 for 20 see-
onds. The palladium deposit was rinsed with 30 J.lL of 1 % HN03 for 5.0 seconds and then 
dried at 110 °e prior to lead deposition. The lead sample was deposited for 60 seconds from 
a 2.0 ppb solution prepared in 1 % HN03. All depositions were effected at 4.5 V, using the 
low-temperature deposition protocol. The lead sample was pyrolysed at 400 °e, and then 
atomised at 2300 °e. Lead absorption was measured at the 283.3 nm resonance line. 
The mean absorbance for the blank (n=14) was 0.0212, a=0.0016. The mean absorbance for 
50 ppb lead in 1% HN03 (n=4) was 0.476, RSD=0.76%. The calculated detection limit 
(3ablank) for the sample size used (calibrated volume of 23.8 ilL) was 0.53 ppb. This corre-
sponds to 1.3 pg oflead. 
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Figure 4.5 Comparison of absorbance-time profiles for atomisation oflead deposited by different methods: The 
lead was deposited from 20 ilL of 50 ppb solution . For electrodeposited lead, a deposition time of 60 seconds 
was used. Palladium (where used) was electrodeposited for 20 seconds from 30 ilL of 10 ppm solution in 
0.1 % HN03. All electrodepositions were carried out at 2.0 V using the high temperature deposition protocol. 
Lead absorption was measured at 283.3 nm. 
4.2.2.3 Calibration Curves 
Calibration curves were compared for lead determination by conventional ETAAS and ED-
ETAAS. Palladium modifier (where used) was 10 ppm in 0.1 % HN03. The modifier solu-
tion was electrolysed for 20 seconds, rinsed for 5 seconds with 1 % HN03, and then dried at 
110°C prior to sample deposition. Lead samples (20 !lL in 1 % HN03) were determined us-
ing both thermal deposition, and electrodeposition (60 seconds electrolysis). 
Electrodeposition was accomplished using low-temperature deposition conditions, and an 
applied potential of ca. 4.2 V. Samples were dried, pyrolysed at 400°C, and atomised at 
2300°C. Lead absorbance was measured at the 283.3 nm resonance line. 
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Figure 4.6 Calibration curves for lead: thermally deposited on pyrolytic graphite (<» , electrodeposited on 
pyrolytic graphite (0), and electrodeposited on palladium-modified pyrolytic graphite ( D). Lead depositions 
effected from 1% nitric acid media, palladium from 10 ppm solution containing 0.1% RN03. 
Electrodepositions were can·ied out using the low-temperature deposition protocol, and a deposition potential of 
4.2 V. Lead absorbance measured at the 283.3 nm resonance line. 
4.2.2.4 Characteristic Mass 
The characteristic mass was calculated from the calibration curve for lead electrodeposited 
onto palladium-modified pyrolytic graphite (shown in Figure 4.6). The lower part of the cali-
bration curve (:s; 50 ppb lead) has a slope of 0.011 (1'2=0.998). Therefore, a peak absorbance 
of 0.0044 corresponds to a lead concentration of 0.4 ppb, or a mass of 9.5 pg.* 
4.2.3 Discussion 
4.2.3.1 Sample Deposition Medium 
The aim of the experimental work described in this section was to optimise and characterise 
the electrodeposition protocol developed by Matousek and Powel1.97 The first parameter in-
vestigated was the deposition medium. Table 4.1 shows that under the deposition conditions 
used, nitric acid is a superior deposition medium to hydrochloric acid. The difference could be 
due either to non-quantitative deposition or to chloride interference during the atomisation 
process. The former is more likely, because the lead deposit received one nitric acid rinse and 
one water rinse prior to atomisation. The amount of chloride remaining on the furnace after 
these rinse steps is relatively low. The amount of residual chloride can be calculated using the 
volume of analyte solution remaining in the furnace after withdrawal of a sample: ca. 5 j..lL 
(determined by weight). For a 20 j..lL lead sample containing 2 x 10-4 moles of Hel, the 
* Calculated using a calibrated sample volume. For a set volume of 20 f1,L, the PAL2000 autos ampler delivers 
23.8 f1,L (by mass). 
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residual amount of HCI following two 30 ilL rinses would be 1.5 x 10-6 moles-less than 1 % 
of the original amount. 
Although this experiment did not elucidate the causes of the poor deposition efficiency from 
HCI media, it did demonstrate that the ED-ETAAS method (as used) is sample matrix depen-
dent. Therefore, for the remainder of work presented in this chapter, nitric acid was used as 
the prefened sample deposition medium. Causes and countermeasures for the sample matrix-
dependence problem are examined in detail in Chapter Five. 
Figure 4.1 shows the effect of the nitric acid concentration in the sample deposition medium. 
The sensitivity is not markedly affected by the acid concentration, although a slight decrease 
is apparent at nitric acid concentrations below 1.0%. Therefore, 1% nitric acid was used for 
future work because it provides adequate sensitivity while minimising analyte blanks (arising 
from impurities in the acid). 
4.2.3.2 Deposition Potential and Efficiency 
The effect of deposition potential on sensitivity is shown in Figure 4.2. [t appears that sen-
sitivity is slightly higher at low deposition potentials. It is difficult to tell whether this effect 
is due to more efficient deposition, or to different atomisation processes caused by different 
analyte deposit morphology. However, the reduced sensitivity at higher potentials concurs 
with the ASV analyses of the spent deposition medium; these found a deposition efficiency of 
only 93% when using a potential of 4.5 V. The reason for lower deposition efficiency from 
nitric acid media at higher deposition potentials is uncertain. A possible explanation is that 
the increased deposition potential causes the formation of dendritic, rather than smooth, lead 
deposits,76 The lead dendrites could then be dislodged from the furnace surface by increased 
hydrogen evolution. It is also possible that the higher deposition potential could further oxi-
dise oxygen (produced at the anode) to ozone. * The presence of powerful oxidants such as 
ozone would accelerate the lead oxidation processes that compete with deposition, hence 
increasing the equilibrium lead concentration in solution. This would have the effect of de-
creasing the overall deposition efficiency (the limits of electrolytic preconcentration are dis-
cussed fully in Section 1.5.1). 
4.2.3.3 Rinses and Acid Re-depositions 
Figure 4.3 shows the effect of acid re-deposition time on sensitivity. It can be seen that a 
minimum re-deposition time of 50-60 seconds is required to achieve total re-deposition of the 
sample. The reduced sensitivity at low re-deposition times is thought to arise from lead re-
dissolution by oxidation. When the spent sample deposition medium is withdrawn at the end 
" The EO for this reaction is -2.07 V vs NHE. The potential at the anode for an applied voltage of 4.2 V is ca 
+2.5 V vs NHE (see 7.5). 
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of the analyte deposition step, a small volume of acidic solution remains in the furnace. 
Because the anode is withdrawn from the flllnaee, no potential is applied, and the lead deposit 
begins to oxidise and redissolve. It is proposed that the lead that 'dissolves' first, is that 
which is either present in a finely divided dendritie form, or deposited onto lead rather than 
palladium; these forms should be more reactive than the bulk of the lead deposit which is 
stabilised by the palladium modifier. When the re-deposition medium is added to the furnace, 
the residual solution is diluted, and lead is re-deposited onto the furnace surface. Sufficient 
time is required for this re-deposition step to reach completion. The lead re-deposits in a 
more stable f01111,99 and hence resists oxidation by residual re-deposition solution when the 
probe is withdrawn from the furnace. Thus, when the subsequent water rinse is introdueed to 
the fumace, very little analyte is lost through 're-dissolution'. This is shown in Table 4.2. 
Thus, for processes where re-deposition and rinsing were required, the re-deposition step was 
effected from 1% HN03, with a duration of 60 seconds. The water rinse was of only 5.0 
seconds dLU'ation. For analysis of lead solutions prepared in simple nitric acid matrices how-
ever, acid re-deposition and rinsing proved unnecessary (as shown in Table 4.2); analysis 
speed was considerably enhanced by omitting these steps. 
4.2.3.4 Blanl{s 
Problems of high lead blanks due to impurities in the palladium modifier were overcome by 
using selective modifier deposition (Table 4.3). A modifier deposition potential of 0.7 V 
proved sufficient to deposit the palladium while leaving concomitant lead in solution. The 
lead was then removed with the spent deposition medium. The blank absorbances obtained 
using this protoeol were not significantly different fi'om baseline noise levels. 
Two other protocols intended to lower blank levels were less successfuL The first of these 
was designed to volatilise lead fi'om the modifier deposit by selective pyrolysis prior to ana-
lyte deposition. Unfortunately, a pyrolysis temperature sufficient to completely volatilise 
lead from the palladium, had a detrimental effect on the sensitivity for subsequent lead deter-
mination. Whether this was due to palladium volatilisation, or ehanges in surface morphology 
is unknown. 
The third approach to eliminating blanks, was to selectively dissolve lead from the palladium 
deposit using a nitric acid rinse. This approach was also unsuccessful, because low acid con-
centrations failed to lower blanks, while higher acid concentrations increased them. This was 
probably due to impurities in the acid adsorbing to the palladium modifier. 
The most successful approach was the selective modifier deposition protocol. For most pur-
poses where low detection limits were not critical, this protocol was not used because it re-
quires manual adjustment of the deposition potentiaL However, this teehnique would be very 
practical if the deposition potential was under software control. 
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4.2.3.5 Thermal Stability of Lead Deposits 
The pyrolysis curves for lead (Figure 4.4) show the maximum pyrolysis temperatures that 
can be used for lead electrodeposited on pyrolytic graphite, and lead electrodeposited on pall-
adium-modified pyrolytic graphite. These maximum pyrolysis temperatures are 800 °e and 
1200 °C respectively. The 400 °e shift in the presence of palladium is in accordance with lit-
erature reports.34,97 Although the pyrolysis curves show 1200 °e as the maximum pyrolysis 
temperature for lead electrodeposited onto a palladium modifier furnace, the pyrolysis temp-
erature chosen for use throughout the remainder of this work was 1100 °e. This was simply 
to allow a safety margin, so that small changes in the pyrolysis curves caused by different 
experimental conditions, didn't markedly affect sensitivity. 
The absorbance-time profiles for lead atomisation shown in Figure 4.5 reveal further informa-
tion about the nature of lead deposits that are formed by different deposition methods. The 
least stable form of lead is that which is obtained through conventional reduction on a graphite 
surface. The relatively broad shape of this profile indicates that the volatilisation I atomisation 
kinetics are complex relative to those for lead electrodeposited directly on pyrolytic graphite. 
This is because the electrodeposited lead is atomised and volatilised from a single state; metal-
lic lead bound to carbon. In contrast, the thermally deposited lead must first be decomposed 
to an oxide and then reduced to the metal before being volatilised and atomised. 144,141 
Volatilisation may occur as Pb or PbO. 
The absorbance-time profile for lead thermally deposited on pyrolytic graphite displays a 
shoulder on the trailing edge of the peak (at t=4 seconds). This "double peak" is characteristic 
of lead absorbance-time profiles. It was explained by Salmon et al. 178 as an effect of adsorbed 
oxygen on the pyrolytic graphite fumace surface; the presence of adsorbed oxygen provides 
surface sites of different activity, and hence different release mechanisms for lead analyte. In 
view of this explanation, the single peak observed for electrodeposited lead, could be due to 
removal of adsorbed oxygen during the electrolysis process. Alternatively, the deposition-
dissolution equilibrium during electrolysis in acid solution allows for preferential deposition 
exclusively on one type of active site. 
The absorbance-time profiles for lead atomised in the presence of palladium, are shifted rela-
tive to those for lead on pyrolytic graphite. This higher-temperature atomisation, attributed 
to the palladium, is consistent with the literature and the pyrolysis curves shown in Figure 
4.4. The main feature of interest is that thermally and electrodeposited lead have different 
appearance temperatures (as shown by the absorbance-time profiles). The apparent differ-
ence in appearance temperature is caused by the large shoulder on the leading edge of the ab-
sorbance-time profile for thermally deposited lead on palladium. This shoulder is barely evi-
dent in the case of electrodeposited lead. The shoulder corresponds to lead that is less stable 
than the bulk of the deposit (which atomises at a higher temperature). This poorly stabilised 
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lead could be that which is deposited as a multilayer, and is not in intimate contact with the 
palladium modifier. Lead atoms deposited onto other lead atoms are less stable than those 
deposited directly on palladium.99 For lead that is electrodeposited onto the palladium-modi-
fied surface the single peak, which is shifted to a higher temperature, indicates that lead is 
being atomised only from palladium-modified regions of the furnace surface. This implies 
either, that during electrodeposition, lead is selectively deposited onto the palladium, or that 
lead migrates to palladium-modified regions of the furnace after deposition. Some support for 
the latter idea is provided by the work of Chen and Jackson, 179 who demonstrated that lead, 
thallium, and selenium can migrate from an unmodified pyrolytic graphite surface to a palla-
dium-modified pyrolytic graphite surface. This was shown by modifying one side of a pyro-
lytic-coated graphite platform with palladium, and then depositing the analyte metal on the 
reverse side. After thermal pre-treatment, the analyte was found to have been quantitatively 
transfened to the palladium-modified face of the platform. This migration occurred at temp-
eratures above 600 DC. It is likely therefore, that a similar migration could occur during pyro-
lysis in the ED-ETAAS system. Lead that has been deposited onto unmodified regions of the 
fm'nace surface migrates onto the palladium deposits, hence the absorbance-time profile shows 
only a single peak. 
4.2.3.6 Analytical Sensitivity 
The calibration curves shown in Figure 4.6, are very similar, regardless of the lead deposition 
method. The working range extends from the limit of determination (5 x DL) of 2.5 ppb lead, 
to more than 70 ppb. Sensitivity is decreased slightly by the palladium modifier. The de-
crease is proportional to the amount of palladium used, as shown in Figure 3.2 (discussed in 
Chapter Tlu"ee). However, for the mass of palladium used in this case (s 0.3 ~g), the sensitiv-
ity decrease is small, and is considered acceptable given the greatly enhanced thermal stability 
that the palladium modifier provides. 
The characteristic mass of9.5 pg, for lead determination by ED-ETAAS (using peak absorb-
ances), compares favourably with literature values. Tahvonen and Kumpulainen114 obtained 
characteristic masses of 5-8 pg using a Zeeman-effect instrument.. Other workers obtained 
characteristic masses of 10-11 pg180 and 15 pg181 using tungsten coil atomisers. 
Unfortunately, many authors fail to rep01i the measurement mode (peak, or integrated ab-
sorbance) used to calculate the characteristic mass. This makes comparison difficult, as meas-
urements made using peak absorbances generally give smaller characteristic masses than those 
obtained using integrated absorbances. 182 
There are many factors that can affect analytical sensitivity. These include: the deposition 
conditions, the pyrolysis temperature, the age of the hollow cathode lamp, and the age of the 
furnace. With the instmment used to collect the data presented in this section (GBC 903), the 
wavelength-setting constantly drifted off the analytical line. This has a very marked effect on 
sensitivity when not quickly corrected. Because the data presented in this chapter were 
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collected over a long period, any of the above factors could alter the sensitivity for a given 
day. Further, except where indicated, the measurements were not blank corrected. Conse-
quently, measurements do not take into account any possible contamination of modifier, acid 
re-deposition, or rinse solutions. Therefore, comparisons can only be made for data collected 
on the same day and under identical conditions, i.e. as presented in any single Figure. 
The protocol developed for determination of lead in acid media is similar to that of Matousek 
and Powell.97 However, it has been sho\\'n that the deposition potential can be varied outside 
the range used by these authors, in particular, to low voltages. It has also been demonstrated 
that the acid re-deposition and rinsing steps are unnecessary in simple nitric acid media. The 
protocol developed for lead determination in nitric acid serves as a basis for determination of 
other metals in acid media, and for determination of metals in other media such as sodium 
chloride (discussed in Chapter Five) and pH-buffered solutions (Chapter Seven). 
4.3 DETERMINATION OF OTHER METALS 
Once a working protocol for detelmination of lead from nitric acid media had been developed, 
the method was extended to detelmination of other metals. The metals were chosen, either 
because they were potential ~nalytes for seawater analysis (as described in Chapter Five), or 
because they were suitable metals for use in the complexation studies described in Chapter 
Seven. The studies described within the remainder of this chapter are more cursory investiga-
tions which were designed to establish whether ED-ETAAS determination of these metals 
was feasible. 
4.3.1 Copper 
4.3.1.1 Effect of Deposition Time 
Sensitivity for copper detennination by ED-ETAAS was examined as a function of deposition 
time, using two different deposition potentials. 
Procedure and Results: The furnace was modified with palladium. The palladium was 
deposited for 20 seconds from 30 ilL of 10 ppm solution containing 1% RN03. The deposit 
was rinsed with 40 ilL of 0.1 % lIN03 for 5.0 seconds and then dried at 110°C prior to 
copper deposition. The copper analyte was deposited from 20 ilL of 20 ppb solution 
containing 1% RN03. Deposition for both the modifier and the analyte was effected using 
the high-temperature deposition protocol, and a potential of either 2.0 or 4.5 V. The sample 
was dried, pyrolysed at 1100 DC, and atomised at 2300 DC. The copper absorbances for 
different deposition times, measured at the 324.7 nm copper line, are shown in Figure 4.7. 
4.3.1.2 Thermal Stability of Copper Deposits 
The thermal stability of the electrodeposited copper on palladium was compared with that for 
copper conventionally deposited onto pyrolytic graphite. Both the pyrolysis curves and the 
absorbance-time profiles for copper atomisation were compared. 
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Pyrolysis Curves 
The experimental conditions for electrodeposition were the same as for the deposition time 
experiment above, except for two parameters; electrodeposition was effected using a potential 
of 3.0 V, and the copper sample was deposited for 60 seconds. The results are shown in 
Figure 4.8. 
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Figure 4.7 Copper absorbance as a function of deposition time and potential. Copper deposited onto 
paJladium-modified furnace from 20 jlL of 20 ppb solution in 1 % HN03, using deposition potentials of 
2.0 V (D) and 4.5 V (0). Copper absorbance measured at 324.7 nm. 
0.6 
0.5 
;:; 0.4 
~ 
~ {l 0.3 
~ Q) 
0.. 0.2 
0.1 
ax( conventional) 
T mai electrodeposition) 
0'----
-----8-----
Ef-"-""O"", ... 
400 600 800 1000 1200 1400 
Pyrolysis temperature (0C) 
Figure 4.8 Pyrolysis curves for copper, thern1ally deposited on pyrolytic graphite ( 0 ), and e1ectrodeposited on 
palladium-modified pyrolytic graphite (0). For thel1nal deposition, copper was conventionally deposited using 
20 jlL of20 ppb solution prepared in 1 % HN03. For electrodeposition, copper was electrodeposited onto a pal-
ladium-modified furnace for 60 seconds at 3.0 V, using the same copper solution as for the thermal deposition. 
The high-temperature deposition protocol was used. Copper absorbance was measured at 324.7 nm. 
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Absorbance-Time Profiles 
The relative absorbance-time profiles for copper, conventionally deposited on pyrolytic 
graphite, and electrodeposited on palladium-modified pyrolytic graphite, are shown in Figure 
4.9. The deposition conditions were the same as for the above pyrolysis-temperature experi-
ment. For the conventional deposition measurement, the sample (in 1 % HN03) was pyro-
lysed at 800°C, and then atomised using a temperature ramp from 150°C to 2300 °C at 
2000 °C s-l. For the electrodeposition measurement, the sample was pyrolysed at 600°C, 
and then atomised using a temperature ramp from 400°C to 2300 °C at 1900 °C s·l. Assum-
ing a linear temperature-ramp rate, the temperatures at the point of atomisation (time = 1.0 
second) are 2150 °C and 2300 °C respectively, for thermally and electrodeposited copper. 
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Figure 4.9 Absorbance-time profiles for atomisation of copper deposited by different methods. For thermal 
deposition, copper was conventionally deposited using 20 ilL of 20 ppb solution prepared in 1 % HN03. For 
electrodeposition, copper was electrodeposited onto a palladium-modified furnace for 60 seconds at 3.0 V, using 
the same copper solution as for the thermal deposition. The high-temperature deposition protocol was used. 
Copper absorbance was measured at 324.7 nm. 
4.3.1.3 Discussion 
The most important result in this section, is that copper can be readily determined by ED-
ETAAS. The protocol developed for lead determination serves equally well for copper 
determination. Figure 4.7 shows that electrodeposition is complete after 60 seconds 
same time as used for lead determination. The absorbance-time profiles in Figure 4.9 show 
that the ED-ETAAS method offers greater sensitivity than conventional (thermal) ETAAS 
analysis. This is probably because the sharper absorbance-time profiles give rise to higher 
peak absorbances. It may be that the integrated absorbances are little different, however, no 
measurements were made in peak integration mode to answer this question. 
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The maximum pyrolysis temperatures for copper are the same as those that were determined 
for lead under the same conditions. One major difference between the pyrolysis curves for 
lead and copper is that the copper curves both have an x-intercept at 1500 DC, whereas the 
two lead curves meet the x-axis at very different temperatures. This difference may be 
because the pyrolysis curve for conventional copper determination was determined using a 
furnace that had previously been used with palladium modifier. It is possible that sufficient 
residual palladium remained on the furnace to effect a small degree of copper stabilisation. 
The comparable curve for lead was determined using a new furnace. Alternatively, surface 
imperfections in the aged pyrolytic graphite allow the copper to penetrate into the furnace 
surface. This phenomenon, which has been studied in-depth by Jackson et al.,183 leads to 
some stabilisation of the copper deposit, and hence broadened absorbance-time profiles which 
are shifted to higher temperatures. 
Irrespective of the age of the furnace, in the absence of chloride, copper has a relatively high 
thennal stability and is routinely determined without use of a specific modifier.37 For routine 
analysis in non-chloride media, not only is the additional stability provided by palladium 
usually considered superfluous, but the modifier itself can introduce interferences. Welz et 
al. 184 reported a spectral interference from palladium when copper was determined at the 
324.7 nm line while using deuterium background correction. This interference was not 
observed at the less sensitive 327.4 run line, or in instruments equipped with Zeeman-effect 
background correction. This interference was not observed in our system, perhaps because of 
the small amount of palladium used for ED-ET AAS (ca 0.3 Itg) compared with that used by 
Welz et al. (15 Itg). 
Unfortunately, copper is subject to chloride interference, and in high-chloride media, 
considerable loss of analyte is observed.45 It is likely that these effects can be minimised by 
the matrix removal and palladium-effected stabilisation afforded by the ED-ETAAS protocol. 
This initial investigation showed that copper is readily determined by ED-ETAAS using 
similar parameters to those used for lead determination. The ED-ETAAS protocol developed 
here was used as a foundation for further studies involving copper detennination from saline 
media, (as described in Chapter Five) and speciation studies of copper (Chapter Seven). 
4.3.2 Bismuth 
4.3.2.1 Effect of Deposition Medium 
The efficiency of bismuth electrodeposition was evaluated using several different deposition 
media. Sample solutions were prepared containing 4 x 10-8 M bismuth in either: 1% RN03, 
0.5 M NaCl, 1.5% HCI, 0.5% H2S04, or 1.0% IhS04. The electrodeposition protocol was 
similar to that used for lead determination. The furnace was firstly modified by depositing 
palladium from 30 ItL of 10 ppm solution containing 0.1 % RN03. The palladium deposit 
was dried at 110°C prior to sample deposition. The bismuth was deposited from 20 ItL of 
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solution for 60 seconds, re-deposited from 40 flL of 0.1 % RN03 for 60 seconds, and then 
rinsed with 40 flL of water for 5.0 seconds. Electrodeposition was carried out using an 
applied potential of 2.0 V, and the high-temperature deposition protocol. Following 
deposition, the samples were pyrolysed at 1100 DC and then atomised at 2300 DC. The 
resulting absorbances, measured at the 306.8 nm bismuth resonance line, are shown in Table 
4.4. 
Bismuth deposition medium Mean peak absorbance (n=4) RSD 
1% RN03 0.382 4.2% 
0.5 M NaCl/ 1.5% RN03 0.405 4.4% 
1.5% HCI 0.376 3.4% 
0.5% H2SO4 0.394 6.3% 
1.0% H2SO4 0.397 7.9% 
Table 4.4. Comparison of deposition media for bismuth determination by ED-ETAAS. Bismuth was 
deposited onto palladiuin-modified pyrolytic graphite from 20 ~L of 4 x 10-8 M solution, for 60 seconds, at 
2.0 V, using the high-temperature deposition protocol. Samples were pyrolysed at 1100 °C and atomised at 
2300 dc. Absorbances were measured at 306.8 nm. 
4.3.2.2 Thermal Stability of Bismuth Deposits 
Pyrolysis Curves 
The pyrolysis curves for Bi determination were compared using conventional ETAAS, in the 
absence of palladium, and using ED-ETAAS in the presence of palladium. For electro-
deposition, the furnace was modified with palladium by depositing 30 flL of a 10 ppm solu-
tion containing 0.1 % RN03, for 20 seconds. The palladium deposit was dried at 110 DC prior 
to analyte deposition. Bismuth was deposited for 20 seconds from 20 flL of 4 x 10-8 M 
solution containing 1% HN03. The deposit was then rinsed with 40 flL of water for 5.0 
seconds. Electrodeposition was carried out using an applied potential of 2.0 V, at room 
temperature, with inert gas flowing over the electrolysis medium. For conventional depos-
ition, 20 flL of the same bismuth solution was used. In both cases, the samples were dried, 
pyrolysed at varied temperatures, and atomised at 2300 DC. The results are shown in Figure 
4.10. 
Absorbance-Time Profiles 
The absorbance-time profiles for bismuth atomisation are compared in Figure 4.11 for bismuth 
thennally deposited on pyrolytic graphite, and for bismuth electrodeposited on palladium-
modified pyrolytic graphite. The profiles were measured under the same conditions used for 
the bismuth pyrolysis curves (Figure 4.10); the experimental conditions were the same as 
those already described. The curve for electrodeposited bismuth was measured using a pyro-
lysis temperature of 900 DC, while that for the11llally deposited bismuth was measured using a 
pyrolysis temperature of 600 DC. 
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Figure 4.11. Absorbance-time profiles for bismuth atomisation. Bismuth was deposited from 20 JlL of 
4 x 10-8 M solution containing 1% HN03. Palladium, where used, was deposited from 30 JlL of 10 ppm 
solution prepared in 0.1% HN03. The electrodeposited sample was pyrolysed at 900 the thermally 
deposited sample at 600 °e. Electrodeposition was effected at room temperature with inert gas on, using a 
deposition potential of2.0 V. Sample atomisation was at 2300 °e, and the absorbance measured at 306.8 nm. 
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4.3.2.3 Discussion 
The comparison of electrolysis media for bismuth deposition Crable 4.4) shows that bismuth 
electrodeposits equally well from all of the media tried. The poor precision was attributed to 
baseline noise due to weak emission from the bismuth hollow cathode lamp. The pyrolysis 
curves shown in 4.10 show that electrodeposited bismuth on palladium is significantly 
stabilised relative to thermally deposited bismuth on pyrolytic graphite. However, while the 
bulk of the bismuth is stabilised to temperatures above 1000°C, some loss is observed at 
temperatures as low as 900°C. Thus, while most of the bismuth is greatly stabilised by the 
palladium, the maximum loss-free pyrolysis temperature shifts only 200 DC; from 700°C for 
thermally deposited bismuth on pyrolytic graphite, to ca. 900°C for the electrodeposited 
bismuth on palladium. For further work involving electrodeposited bismuth on palladium 
(from acetate-containing media; Chapter Seven), a pyrolysis temperature of 1100 °C was 
used. The small loss of analyte was considered insignificant relative to the corresponding 
decrease in background absorbance due to residual acetate. 
The absorbance-timc profiles shown in Figure 4.11 reflect the palladium-induced stability 
increase that is exhibited in the pyrolysis curves. The appearance temperatures for the two 
palladium deposits are separated by about 300°C, indicating better analyte stabilisation than 
is demonstrated by the pyrolysis eurves. 
The relative sensitivity for bismuth detelmination by conventional ETAAS and ED-K[AAS 
can be inferred from the peak absorbance measurements used to construct the pyrolysis 
curves shown in Figure 4.11. The sensitivity for bismuth determination, as derived from these 
curves, was similar for the two methods. The anomalous results shown in the absorbance-
time profiles are because the only recorded peak profile for conventional ET AAS deter-
mination happened to be uncharacteristically large. 
4.3.3 Cadmium 
4.3.3.1 Effect of Deposition Medium 
In order to optimise analytical sensitivity, cadmium deposition efficiency was evaluated using 
several different deposition media. The ED-ETAAS protocol used was as for lead determina-
tion; i.e. the fumace was modified by depositing 30 ~L of 10 ppm palladium solution for 20 
seconds. The modifier was dried at 110°C, and then 20 ~L of 2.4 ppb cadmium solution was 
electrolysed for 40 seconds. The sample deposition was followed by an optional 40 second 
acid re-deposition from 40 ~L of 0.1 % HN03. Electrodeposition was carried out using the 
high temperature deposition protocol, and a 2.0 V deposition potential. Samples were pyro-
lysed at 800°C, and atomised at 2450 DC. Absorbances, shown in Table 4.5, were measured 
at the 228.8 nm eadmium line. 
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Sample No acid re-deposition: mean peak 30 second acid re-deposition (40 ~lL 
medium absorbance (n=4) 0.1% HN03: mean peak absorbance 
(n=4) 
1% HN03 0.537 (RSD 0.9%) 0.587 (RSD 0.9%) 
1.5% HN03 0.463 (RSD = 3.3%) 0.564 (RSD = 1.2%) 
I%HCI 0.056 (RSD = 25%) 0.532 (RSD =2.2%) 
1.5% HCI 0.180 (RSD 14%) 0.508 (RSD 0.4%) 
2.0%HCl 0.222 (RSD = 16%) 0.501 (RSD 0.7%) 
1% H2SO4 0.559 (RSD = 0.7%) 0.534 (RSD = 1.3%) 
1.5% H2SO4 0.518 (RSD 2.7%) 0.525 (RSD 1.7% 
Table 4.5 Effect of sample medium on cadmium determination by ED-ETAAS. Cadmium electrodeposited for 
40 seconds onto palladium-modified pyrolytic graphite, from 20 J..lL of 2.4 ppb solution. Electrodeposition 
effected at 2.0 V, using the high-temperature deposition protocol. Samples pyrolysed at 800°C and atomised at 
2450 °C. Absorbances measured at 228.8 nm .. 
4.3.3.2 Effect of Deposition Time 
In order to determine whether cadmium deposition was reaching completion, the absorbance 
for cadmium atomisation was studied as a function of deposition time. The furnace was modi-
fied by depositing 30 !J.L of 10 ppm palladium solution containing 0.1% HN03 for 20 sec-
onds. The fUl11ace was dried at 120°C, and 20 !J.L of 2.4 ppb cadmium solution in 1 % HN03 
was electro lysed for varying lengths of time. Electrodeposition was carried out using the high 
temperature deposition protocol, and a 2.0 V deposition potential. Samples were pyrolysed 
at 800°C and atomised at 2450 °C. The absorbances as shown in Figure 4.12, were measured 
at the 228.8 nm cadmium line. 
4.3.3.3 Thermal Stability of Cadmium Deposits 
Pyrolysis Curves 
The pyrolysis curves for cadmium determination by conventional ETAAS and ED-ET AAS 
were compared. Cadmimn was detennined using 20 !J.L samples of 2.4 ppb cadmium solution 
prepared in 1.0% HN03. For ED-ETAAS determination, the same protocol was used as for 
the deposition-time experiment, except that the pyrolysis temperature was varied. The re-
sults are shown in Figure 4.13. 
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Figure 4.12 Effect of sample deposition time for cadmium determination by ED-ETAAS. Cadmium e1ectro-
deposited onto palladium-modified pyro1ytic graphite, from 20 ilL of 2.4 ppb solution containing 1% HN03. 
Electrodeposition effected at 2.0 V, using the high-temperature deposition protocol. Samples pyrolysed at 
800°C and atomised at 2450 DC. Absorbances measured at 228.8 nm. 
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Figure 4.13. Comparison of pyrolysis curves for cadmium determined by conventional ETAAS (D) and by 
ED-ETAAS (0). For ED-ETAAS, cadmium was electrodeposited onto palladium-modified pyrolytic graphite, 
from 20 ilL of 2.4 ppb solution containing 1 % HN03. Electrodeposition was effected at 2.0 V, using the high-
temperature deposition protocol. Samples were atomised at 2450 DC and the absorbances measured at 
228.8 nm. 
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Absorbullce-Time Profiles 
Absorbance-time profiles for Cd determination by conventional ETAAS, and by ED-ETAAS 
were compared. Cadmium was determined from 4.0 ppb solution prepared in 1 % HN03' For 
conventional ETAAS, a 20 J..LL sample was dried, pyrolysed at 300°C, equilibrated at 200 °C, 
and then atomised at 2450 °C, using a temperature ramp rate of 1875 °C s-l. For ED-
ETAAS, the furnace was modified by depositing 30 J..LL of 10 ppm palladium solution 
containing 0.1% HN03, for 20 seconds. The deposit was dried at 120°C prior to sample 
deposition. Cadmium was electrodeposited from 20 J..LL of solution for 60 seconds. 
Electrodeposition was carried out using the high temperature deposition protocol, and a 2.0 V 
deposition potential. Samples were pyrolysed at 900°C, equilibrated at 400 °C, and 
atomised at 2450 °C using a temperature ramp rate of 1863 °C S-l. The absorbances, 
measured at the 228.8 nm cadmium line are shown in Figure 4.14. 
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Figure 4.14. Absorbance-time profiles for cadmium atomisation. Cadmium deposited from 20 f..lL of 4.0 ppb 
solution containing 1.0% HN03. For ED-ETAAS determination, cadmium was deposited for 60 seconds onto 
a palladium-modified furnace surface using a potential of2.0 V, and the high-temperature deposition protocol. 
Atomisation temperature ramp rates for ETAAS and ED-ETAAS were 1875 °C s-l and 1863 °C s-l respective-
ly, with starting temperatures of 200°C and 400 DC. 
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4.3.3.4 Discussion 
Table 4.5 shows that when an acid (RN03) re-deposition step is included, cadmium is recov-
ered with good efficiency from all of the media tested, with the best sensitivity obtained using 
the 1% Hl\T03 deposition medium. For the samples deposited from HCI, the sensitivity was 
slightly lower, and decreased with increasing HCI concentration. This decreased sensitivity 
can be attributed to chloride interference during pyrolysis/atomisation. 
Where the acid re-deposition step was omitted, as for lead deposition (Table 4.1), the 
sensitivity for cadmium deposition from HCI media was greatly reduced. The best sensitivity 
for deposition from HCI was obtained from the highest HCI concentration-the converse of 
what would be expected if the decreased sensitivity was due to 'chloride interference' during 
pyrolysis/atomisation. If the decreased sensitivity was due to less efficient deposition from 
low concentrations of HCI, then un-deposited cadmium would be removed from the furnace 
with the spent deposition medium. Therefore, we would not expect the sensitivities to be so 
similar when the same sample is re-deposited from nitric acid. The reason/s for these 
apparently contradictory results are not well understood. 
Figure 4.12 shows that cadmium deposition from nitric acid reaches a maximum within twenty 
seconds. However, as can be seen from the absorbance profiles in Figure 4.14, sensitivity for 
determination by ED-ETAAS is lower than that obtained by conventional ETAAS; especially 
if peak areas are considered. The characteristic mass (by peak absorbance) calculated for 
cadmium determination by ED-ETAAS was 0.5 pg. The instrument manufacturer's data for 
the GF3000/908 system cites a characteristic mass of 0.25 pg. 
The pyrolysis curves (Figure 4.13) show that, as for lead, the thermal stability of cadmium is 
greatly enhanced by electrodeposition onto the palladium-modified furnace. The maximum 
loss-free pyrolysis temperature increased from 400 DC, for conventional ETAAS, to 800 DC 
for ED-ETAAS. This stability increase is reflected in the absorbance-time profiles shown in 
Figure 4.14. The temperature difference between the two peaks is actually greater than it 
appears, because although similar temperature ramp rates were used to measure the profiles, 
the initial temperature for the thermal cadmium determination was 200 DC lower than that for 
the electrodeposited cadmium. 
Overall, the ED-ETAAS protocols developed for lead determination also offer good sensitiv-
ity and enhanced thermal stability for cadmium determination. The protocol developed here 
was used as a basis for determination of cadmium from saline matrices as described in Chapter 
Five. 

Chapter Five 
Reducible Metals in Sodium Chloride 
Media 
5.1 INTRODUCTION 
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This chapter presents studies aimed at determining reducible metals in saline media (such as 
marine or estuarine waters). The ED-ETAAS protocol developed in the previous chapter was 
adapted for this purpose, using 0.5 M sodium chloride solution as a model for natural saline 
waters. 
There are three main experimental sections in this chapter. The first describes method devel-
opment for lead determination in 0.5 M NaCI solution. The deposition parameters (time, 
potential, temperature etc.) are examined and optimised for the NaCI medium. The effects of 
residual N aCI on sensitivity are examined and methods for decreasing the amount of residue 
explored. The problems of 'non-labile' lead and sample carry-over, and methods used to 
counter them, are discussed. 
The second experimental section is devoted to determination of copper in saline media. The 
effects of rinsing and acid re-deposition are examined. Pyrolysis and calibration curves are 
compared with those for detennination from 1 % Hl\f03 medium. Results for copper determi-
nation in seawater using ED-ETAAS are presented. 
The third experimental section is devoted to cadmium determination in saline media. The 
pyrolysis and calibration curves are compared with those for cadmium determination from 
1 % RN03 medium. Results of cadmium determination in seawater using ED-ETAAS are 
presented. 
A final section discusses the advantages and disadvantages of ED-ETAAS as a method for 
determining reducible metals in saline waters. 
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5.2 LEAD DETERMINATION IN SODIUM CHLORIDE SOLUTION 
5.2.1 Experimental and Results 
Determination of lead in sodium chloride media was investigated over a period of several 
months, during which time the ED-ETAAS method was refined to give optimum analytical 
sensitivity. Variations in furnaces, analysis protocols, and sample preparation techniques over 
this period produced different absolute sensitivities from different experiments. Thus, the 
effects of experimental parameters should only be compared from within any single exper-
iment. 
5.2.1.1 Deposition Parameters 
Initial attempts to measure lead in sodium chloride solution used the ED-ETAAS protocol as 
developed by Matousek and Powell,97 in which lead was deposited from a 0.5 M 
NaCl/ 1 % RN03 matrix at room temperature, using a potential of ca. 5.0 V. In the present 
work, this method gave considerably lower sensitivity for lead in 0.5 M NaC1I1 % RN03 
solution than for lead in 1 % RN03 solution. In an effort to obtain the same sensitivity for the 
two media, various deposition parameters were investigated and optimised. 
Deposition Time 
The furnace was modified by electrolysing 30 !lL of 10 ppm palladium solution, prepared in 
0.1 % RN03, for 20 seconds. The palladium deposit was then rinsed with 30 J.!L of water for 
5.0 seconds and dried at 110°C. Lead was deposited from 20 ~LL of 50 ppb solution, which 
was prepared in 0.1 % RN03/0.5 M NaCl. The lead deposit was rinsed twice with 50 !lL of 
water for 5.0 seconds. Deposition was effected at 4.5 V using the low-temperature deposition 
protocol. A series of measurements was made using different deposition times. The lead 
deposits were dried at 110°C, pyrolysed at 400°C, and atomised at 2300 0c. The absorb-
ances, measured at 283.3 llill, are shown in Figure 5.1. 
Deposition Potential 
The furnace was modified by electrolysing 30 !lL of 10 ppm palladium solution, prepared in 
0.1 % RN03, for 20 seconds. The deposit was rinsed with 40 !lL of 1 % RN03 for 5.0 seconds 
and then dried at 110°C. Lead was deposited from 20 !lL of 50 ppb solution, which was pre-
pared in 1 % RN03/0.5 M NaCl. The lead deposit was re-deposited from 40 !lL of 1 % RN03 
for 60 seconds and then rinsed with 40 !lL of water for 5.0 seconds. Deposition was effected 
at varying potentials using three different sets of electrolysis conditions. These were: 
a) room temperature deposition, no inert gas flow 
b) 45°C deposition, no inert gas flow 
c) 45°C deposition, inert gas flow over sample during electrolysis. 
The deposits were dried at 110°C, pyrolysed at 800°C, and atomised at 2300 °C. Lead ab-
sorbances, measured at 283.3 llill, are shown in Figure 5.2. 
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Figure 5.1 Effect of deposition time for lead determination in 0.1 % HN03!0.5 M NaCl. Lead was deposited 
onto palladium-modified furnace from 20 flL of 50 ppb solution and rinsed twice with 50 flL of water for 5 sec-
onds. Deposition was effected using a low temperature deposition protocol and a potential of 4.5 V. The lead 
deposits were dried at 110°C, pyrolysed at 400°C, and atomised at 2300 0c. Lead absorbance was measured at 
283.3 nm. 
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Figure 5.2 Effect of deposition potential for lead determination in 0.5 M NaCIIl % HN03 media. Lead was 
deposited onto palladium-modified furnace from 20 flL of 50 ppb solution. The lead deposits were re-deposited 
from 40 flL of 1 % HN03 for 60 seconds and then rinsed with 40 flL of water for 5.0 seconds. The deposition 
conditions were: room temperature, no inert gas flow (0); 45°C, no inert gas flow (0); 45 °C, inert gas flow 
over sample during electrolysis (D). The lead deposits were dried at 110°C, pyro1ysed at 800°C, and atomised 
at 2300 0c. Lead absorbance was measured at 283.3 nm. 
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A separate experiment was carried out to determine the amount of sample medium lost 
through evaporation during high-temperature deposition. A 20 J..lL sample was placed in the 
fumace as usual but, after 60 seconds of electrolysis, the remaining sample solution was re-
moved with a micropipette and weighed. The mean mass for six samples after deposition at 
room temperature with no inert gas flow was 22.4 mg. For the six samples deposited at 45 DC 
with inert gas, the mean mass was 11.3 mg. Therefore, the sample volume is approximately 
halved by evaporation. 
Gas Flow Rate 
A series of measurements was made using the same conditions as for the preceding deposi-
tion-potential experiment but with vaIying gas flow rates. The gas flow was adjusted and 
metered using the controls on the GF2000 controller. The absorbances (at 283.3 nm), are 
shown in Figure 5.3. 
Deposition Temperature 
A series of measurements was made using the same conditions as for the deposition-potential 
experiment but with varying deposition temperatures. A series of measurements was made 
using deposition temperatures in the range 25-45 DC. The absorbances, measured at 
283.3 nm, are shown in Figure 5.4. 
Effect of Nitric Acid Concentration 
The effect of the nitric acid concentration in the deposition medium was examined in order to 
optimise sensitivity. A series of 50 ppb lead solutions was prepared in 0.5 M sodium chloride 
solution with vaIying concentrations of nitric acid. Lead was deposited onto a palladium-
modified fumace for 60 seconds from 20 J..lL aliquots of the standard solutions. The lead de-
posit was re-deposited from 35 J..lL of 0.1 % HN03 for 60 seconds and rinsed with 40 J..lL of 
water for 5 seconds. High-temperature deposition conditions (45 DC) and a potential of 2.0 V 
were used throughout. Samples were pyrolysed at 1100 DC and atomised at 2300 DC. The 
lead absorbances, measured at 283.3 llll, are shown in Figure 5.5. 
5.2.1.2 Residual Sodium Chloride-Effects and Control 
Effect of Deposition Potential 
The aIllOUl1t of lead 'lost' as a molecular chloride during pyrolysis and atomisation is related 
to the amount of sodium chloride remaining in the fumace after the electrodeposition and 
rinsing process. The relationship between the amount of residual sodium chloride and the ab-
sorbance for lead was explored by comparing the peak lead absorbance with the concomitant 
background absorbance. The effect of pyrolysis temperature was also examined. 
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Figure 5.3 Effect of inert gas flow rate on lead deposition from 1% HN03/0.5 M NaC!. Lead was deposited 
onto palladium-modified fumace from 20 fLL of 50 ppb solution. The lead deposits were re-deposited from 
40 fLL of 1 % RN03 for 60 seconds and then rinsed with 40 fLL of water for 5.0 seconds. Deposition was effect-
ed at 45 DC using a potential of 4.5 V. The lead deposits were dried at 110°C, pyrolysed at 800°C, and atom-
ised at 2300 0c. Lead absorbance was measured at 283.3 nm. 
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Figure 5.4 Effect of deposition temperature for lead detennination in 1% HN03/0.5 M NaC!. Lead was depos-
ited for 60 seconds onto palladium-modified furnace from 20 )lL of 50 ppb solution. Lead deposits were re-
deposited from 40)lL of 1 % HN03 for 60 seconds and then rinsed with 40 )lL of water for 5.0 seconds. 
Deposition was effected using a potential of 4.5 V with the inert gas flow switched to setting five. The lead 
deposits were dried at 110°C, pyrolysed at 800 DC, and atomised at 2300 DC. Lead absorbance was measured at 
283.3 lID1. 
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Figure 5.5 Effect of nitric acid concentration. 20 ilL of 50 ppb lead sample was deposited onto a palladium-
modified furnace for 60 seconds. The deposit was re-deposited from 35 ilL of 0.1 % HN03 for 60 seconds, then 
rinsed with 40 ilL of water for 5 seconds. High temperature deposition conditions and a potential of2.0 V were 
used throughout. Samples were pyrolysedat 1100 °C and atomised at 2300 °C. The lead absorbances were 
measured at 283.3 nm. 
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Figure 5.6 Effect of deposition potential on the background and lead absorbances for determination of lead in 
0.5 M NaCI/l % HN03 media. Lead was deposited onto a palladium-modified furnace from 20 ilL of 50 ppb 
solution for 60 seconds. The lead deposit was re-deposited from 40 ilL of 0.1 % HN03 for 30 seconds. All de-
positions were effected at room temperature with the inert gas flow on. The deposit was dried at 150°C, pyro-
lysed, equilibrated at 400°C, and atomised at 2300 °C. The lead and background absorbances were measured at 
283.3 mn. 
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The furnace was modified by depositing palladium from 30 flL of 10 ppm solution, containing 
0.1 % HN03, for 20 seconds. Lead was deposited from 20 flL of 50 ppb Pb2+ solution in 
0.5 M NaCl/1.5% HN03 for 60 seconds, using potentials in the range 0.0-4.0 V. The lead de-
posit was re-deposited from 40 flL of 0.1 % HN03 for 60 seconds. All depositions were ef-
fected at room temperature with the inert gas flow on. The deposit was dried at 150 DC, pyro-
lysed at either 400 DC or 1100 DC, equilibrated at 400 DC, and atomised at 2300 DC. The lead 
and background absorbances were measured at 283.3 nm. The results are shown in Figure 
5.6. The background absorbance for an 1100 DC pyrolysis temperature (not shown) showed a 
similar dependence on deposition potential to that for the 400 DC pyrolysis, but with values 
ca. 40% lower. 
Thermal Stability of Sodium Chloride 
The pyrolysis curves for sodium chloride volatilisation from two different surfaces were com-
pared. The two surfaces were pyrolytic-coated graphite, and palladium-modified pyrolytic-
coated graphite. Where used, the palladium modifier was deposited from 30 flL of a 10 ppm 
solution containing 0.1 % HN03. After 20 seconds deposition, the palladium was dried at 
110 DC. A 20 flL volume of sample solution containing 50 ppb lead, 0.5 M NaCl, and 
1 % HN03 was electrolysed at 3.0 V for 60 seconds. The furnace was then rinsed with 40 flL 
of water for 5.0 seconds, dried to 400 DC, and then fired to 2300 DC. For the un-modified fur-
nace, the background absorbance was measured at 283.3 nm. Where the modifier was used, 
the sensitivity at this wavelength was insufficient, so the background absorbance was meas-
ured at 261.4 nm. For comparison of the results (Figure 5.7), the absorbances for sodium 
chloride on the un-modified surface have been scaled to compensate for different sensitivities 
at the two wavelengths. The scaling factor of 2.2 was derived from the molecular absorption 
spectrum for sodium chloride.3 The scaling affects the apparent sensitivity but not the 
volatilisation temperature. 
As an adjunct to the sodium chloride pyrolysis curves, the absorbance profiles for volatilisa-
tion of sodium chloride from un-modified and palladium-modified furnaces were compared. 
The deposition conditions and solutions used were the same as for the pyrolysis curve exper-
iment except for the heating rate during the volatilisation step. To magnify any differences in 
the absorbance profiles, the heating rate was decreased to 238 DC s-l. The pyrolysis tempera-
ture used was 500 DC. The background absorbances were measured at 283.3 nm and 
261.4 nm for the un-modified and palladium-modified furnaces respectively. The results (as 
shown in Figure 5.8) are not scaled. 
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Figure 5.7 Pyrolysis curves for sodium chloride volatilisation from pyrolytic-coated graphite (0), and palla-
dium-modified pyrolytic-coated graphite (0). A 20 ilL volume of sample solution containing 50 ppb lead, 
0.5 M NaCl, and 1 % HN03 was electrolysed for 60 seconds. The furnace was then rinsed with 40 ilL of water 
for 5.0 seconds, dried to 400°C, pyrolysed and then fIred to 2300 DC. The background absorbances for the un-
modifIed, and palladium-modifIed furnaces were measured at 283.3 and 261.4 nm respectively. To aid compari-
son, the data collected at 283.3 nm have been scaled. 
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Figure 5.8 Absorbance profiles for sodium chloride volatilisation from pyrolytic-coated graphite C .... ·), and 
palladium-modifIed pyrolytic-coated graphite (-). A 20 ilL sample containing 50 ppb lead, 0.5 M NaCl, and 
1% RN03 was electrolysed in the relevant furnace for 60 seconds. The furnace was then rinsed with 40 ilL of 
water for 5.0 seconds, dried, pyrolysed at 500°C and then fIred to 2300 DC. The background absorbances for 
the un-modified, and palladium-modifIed furnaces were measured at 261.4 and 283.3 nm respectively. 
Chapter Five Reducible Metals in Sodium Chloride Media 115 
Effects of Residual Sodium Cflloride 
In order to examine the effect of residual sodium chloride on lead atomisation, the amount of 
sodium chloride remaining in the furnace after electrodeposition and rinsing was determined. 
TIle of adding this amount of sodium chloride to a lead sample that had been deposited 
from HN03 was then measured. 
L.ead was deposited onto a palladium-modified furnace from 20 JlL volumes of 50 ppb lead 
solution for 60 seconds. Two different sample media were used: 1 % HN03 and 1.5% HN03! 
0.5 M NaCl. The lead deposits were re-deposited from 40 ilL of 0.1 % HN03 for 60 seconds 
and rinsed with 40 ~tL of water for 5 seconds. High-temperature deposition conditions and a 
potential of2.0 V were used throughout. Samples were pyrolysed at 1100 °C and atomised at 
2300°C. Lead and background absorbances were measured at 283.3 nm. 
The mean background absorbance for the sample prepared in 0.5 M NaCl1l % HN03 was 
0.014 In order to gauge the amount of sodimn chloride required to produce a back-
ground absorbance of this magnitude, the HN03-based sample was deposited in the same 
way. 20 JlL of 3x10-4 M NaCI (6xlQ-9 moles) was then added prior to the drying step. '['he 
mean background absorbance produced from this was 0.035 (n=2). This indicated that the 
amount of residual chloride under these deposition conditions was less than 6 x 10-9 moles. 
(i.e. less than 0.06% ofthe original sample matrix.) 
To determine the effect that this amount of sodium chloride has on lead atomisation, the exp-
eriment was repeated measuring the lead absorbance rather than the background. The mean 
absorbance for lead deposited from 1 % HN03 was 0.689 (n=5). For the same sample with 
20 ilL of 3xl 0-4 M NaCI added prior to drying, the mean absorbance was 0.694 (n=3). This 
indicates that the amount of sodium chloride remaining after deposition and rinsing 
6x 10-9 moles), has no adverse effects on the peak absorbance for lead determination. 
The relative lead, and background (NaCI) absorbance-time profiles for the 50 ppb lead sample 
prepared in 0.5 M NaCI!1.5% HN03 are shown in Figure 5.9. 
5.2.1.3 Sample Equilibration 
During determination of lead in 0.5 M NaCl1l % HN03 solutions it was observed that meas-
urements changed with time, and that freshly prepared sample solutions gave results different 
from aged samples. This phenomenon was further investigated, using both ED-ETAAS and 
ASV. 
A 50 ppb lead solution was prepared in an ASV cell by adding in order: 5 mL of 1.0 M NaCI, 
LO mL of 500 ppb Pb2+ (containing 0.125 M HN03), 4.0 mL of water, and 100 JlL H1\f03 
(conc.). A 1.0 mL aliquot of the solution was removed for lead determination by ED-ETAAS 
the remainder was analysed by ASV. For both methods, the sample was measured as soon as 
possible after the time of mixing, and then at 20 minute intervals over a period of 250 
minutes. 
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Figure 5.9 Absorbance-time profiles for the atomic and background signals during atomisation of a 50 ppb lead 
sample prepared in 0.5 M NaCl/1.5% RN03. A 20 ~L sample was e1ectrolysed in a palladium-modified furnace 
for 60 seconds. The deposit was then re-deposited from 40 ~L of 0.1 % HN03 for 60 seconds and rinsed with 
40 ~L of water for 5 seconds. High-temperature deposition conditions and a potential of 2.0 V were used 
throughout. The sample was pyrolysed at 1100 DC for lead measurements, and at 400 D C for background mea-
surements. Atomisation was carried at 2300 DC in both cases. Lead and background absorbances were mea-
sured at 283.3 nm. 
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Figure 5.10 Effect of equilibration time on the amount of lead measured in 0,5 M NaClJI % HN03 solution by 
ED-ETAAS [I), and ASV (0). The 50 ppb lead solution was prepared by adding in order: 5 mL of LO M 
NaCI, 1.0 mL of 500 ppb Pb2+ (containing 0.125 M HN03), 4.0 mL of water, and 100 ~L (conc.) HN03. 
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For ED-ETAAS analysis, 20 ilL of the lead sample was electro lysed in a palladium-modified 
furnace for 60 seconds at 2.0 V, re-deposited for 60 seconds from 40 ilL of 0.1 % HN03, and 
then rinsed for 5.0 seconds with 40 ilL of water. High-temperature deposition conditions 
were used throughout. The sample was pyrolysed at 1100 °C and atomised at 2300 0c, The 
lead absorbance was measured at 283.3 nm. 
For ASV analysis, the sample was first purged for 10 minutes with nitrogen. Lead was depos-
ited onto a hanging mercury drop electrode for 120 seconds at -0.7 V and the peak current 
measured (at ca. -0.52 V) as the potential was ramped to -0.2 V. Square-wave stripping par-
ameters were as outlined in the Chapter Two. 
The results for both experiments are shown in Figure 5.10. The data, expressed as percent-
ages, represent the raw absorbance/currents at time 't', relative to the absorbance/current mea-
sured at the maximum equilibration time (282 minutes for ED-ETAAS and 307 minutes for 
ASV). 
In subsequent experiments the sample-equilibration problem was countered by preparing 
sample solutions in the order: lead, acid, water, sodium chloride. The sample solutions were 
also SUbjected to a brief heat treatment-accomplished by microwaving the samples. For de-
termination of lead in freshly prepared samples, this microwave treatment immediately pro-
duced absorbance readings equivalent to those for samples aged at room temperature. To as-
certain whether microwaved and non-microwaved samples would eventually equilibrate to 
give the same sensitivity, a series of differently prepared samples was allowed to equilibrate 
overnight prior to analysis. The absorbances for the samples were then compared. Four 
1.0 mL samples contained 50 ppb lead were prepared. Two samples in 1 % HN03 media and 
two in 0.5 M NaCI/1.5% HN03. The mixing order for sample components was: lead, acid, 
water, sodium chloride. One sample of each medium was microwaved on high power 
(700 'J\1) for 10 seconds. All four samples were then covered and allowed to stand overnight 
before analysis. 
The samples were analysed for lead using ED-ETAAS. The furnace was first modified by 
electrodepositing palladium for 20 seconds from 30 ilL of a 10 ppm solution prepared in 
0.1 % HN03. It was then dried at 110°C and 20 ilL of the lead sample solution electrolysed 
for 60 seconds. The lead was re-deposited from 40 ilL of 0.1 % HN 03. All depositions were 
ca11'ied out at 2.0 V under high-temperature deposition conditions. Samples were pyrolysed at 
1100 °C and atomised at 2300 0c, The absorbance was measured at the 283.3 nm lead line. 
Results for analysis ofthe equilibrated lead samples are shown in Table 5.1. 
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Sample medium Microwaved for 10 seconds Not microwaved 
(mean peak absorbance) (mean peak absorbance) 
I% HN03 0.611 (n = 8, RSD = 6.0%) 0.602 (n = 10, RSD = 1.2%) 
1.5% HN03 /0.5 MNaCI 0.607 (n = 5, RSD 1.5%) 0.617 (n = 10, RSD = 0.9%) 
Table 5.1 Effect of sample medium and preparation method for lead determination by ED-ETAAS. Lead was 
deposited onto a palladium-modified furnace from 20 ilL of solution and re-deposited from 40 ilL of 
0.1 % HN03. Deposition was effected at 2.0 V under high-temperature conditions. Lead samples equilibrated 
overnight prior to analysis. The lead deposits were pyrolysed at 1100 °C and atomised at 2300 DC. Lead ab-
sorbance was measured at 283.3 nm. 
5.2.1.4 Analyte Carry-over 
Problems were encountered with carry-over from one sample to the next. If a sample of low 
concentration was analysed following a sample of high concentration, the first reading for the 
low concentration sample would be higher than for subsequent measurements. If samples 
were analysed in the reverse order, the first reading for the high concentration sample would 
be lower than for subsequent readings. This phenomenon was observed for both conventional 
and electrodeposition-coupled ETAAS. The effect was particularly apparent for ED-ETAAS 
determination of alternating samples that contained the same lead concentration but were pre-
pared in different media (HN03 vs 0.5 M NaCl/l% HN03). The first measurement for the 
0.5 M NaCl1l % HN03 sample was invariably higher than subsequent readings, and the first 
reading for the HN03 samples was lower. 
Sample catTy-over was not observed when the platinum-iridium capillruy was replaced with a 
conventional PTFE sample delivery tube (conventional thermal analysis). Therefore the 
effect was attributed to analytes adsorbing onto the inside of the platinum-iridium delivery 
tube. Prevention of this requires a delivery tube that analyte cannot adsorb to. While the 
conventional PTFE delivery tube achieves this aim, PTFE is unsuitable for ED-ETAAS ana-
lysis because it cmIDot double as an anode. Therefore, a new delivery probe was constructed 
which combined a PTFE delivery tube with a separate platinum anode. A schematic diagram 
ofthis probe is shown in Chapter Two; Figure 2.3. 
The PTFE delivery probe/anode was tested by looking for carry-over when alternately 
analysing 50 ppb lead samples prepared in HN03, and 0.5 M NaCl/l.5% HN03. Lead was 
deposited under high-temperature deposition conditions onto a palladium-modified furnace 
from 20 ilL of sample solution for 60 seconds. The deposit was rinsed with 40 ~ll of water for 
5.0 seconds prior to drying, pyrolysis at 1100 °C and atomisation at 2300 DC. The lead ab-
sorbance was measured at 283.3 nm. The results from this experiment (Figure 5.11b) are con-
trasted with a set of measurements made using the PtlIr sample delivery tube (Figure 5.11a). 
The conditions for the experiment with the PtlIr delivery tube were the same as those used 
with the PTFE probe except that the rinse step was replaced with a 10 second re-deposition 
from 0.1% HN03. 
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Figure 5.11 Analyte cany-over for the conventional Pt/lr delivery probe (a) compared with that for the PTFE 
delivery probe (b). Lead was deposited for 60 seeonds onto a palladium-modified furnace from 20 ilL of 
1 % lIN03 (D), and 0.5 M NaCl/l % RN03 (l1li). Lead deposits were re-deposited from 40 ilL of 0.1 % 
HN03 (a); or rinsed with 40 ilL of water (b); pyrolysed at 1100 °C and atomised at 2300 °C. Lead absorbance 
was measured at 283.3 nm. 
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5.2.2 Discussion 
5.2.2.1 Deposition Parameters 
Initial attempts to determine lead in saline media used the original ED-ETAAS protocol as 
developed by Matousek and Powell.97,99 In the present work, the sensitivity of this method 
for saline media was markedly lower that for nitric acid media. ASV analysis of the spent 
ED-ETAAS electrolysis medium indicated that electrodeposition was only 70-90% efficient. 
Experiments to determine the effects of residual NaCI on ETAAS lead analysis were also 
carried out. Following these investigations, the poor sensitivity for saline media was attribut-
ed to a combination of non-quantitative lead deposition and interference by (large amoU11ts of) 
residual chloride during pyrolysis/atomisation. Based on these assumptions, various param-
eters were investigated in an attempt to improve the deposition efficiency. 
The effect of deposition time on sensitivity is shown in Figure 5.1. Extended deposition times 
had little effect on the sensitivity, so altemative means of improving deposition efficiency 
were sought. Based 011 the work ofSioda et al,55 it was hypothesised that the equilibrium, 
deposit (Pb) + oxidant ~ Pb2+ + reductant (Reaction 5.1) 
was affected by an increased concentration of oxidant species in the deposition medium. 
Electrolysis of the sodium chloride solution at 4.5 V produces Cb. Simultaneous H+ con-
sumption at the cathode leads to NaOH formation; the solution becomes strongly basic. 
Under such conditions, species likely to be formed from chloride electrolysis include such 
oxidants as Cl02- and CI03-. Efforts to improve deposition efficiency centred on lowering the 
concentrations of these oxidant species. 
One important factor in the formation of oxidant species is the deposition potential. In basic 
solution, oxidation of chloride ion to the various oxychloride species or chlorine gas requires 
large positive potentials. TIns is illustrated by the reduction potentials (vs. NHE). 
CI03- + 3H20 + 6e-
CI02 - + 2H20 + 4e-
Cl-+ 60H-
Cl- + 40H-
2CI-
0.62V 
EO = 0.76 V 
EO = 1.36 V 
In contrast, E 0 for the reduction of the Pb2+ ion is comparatively small; -0.13 V. Therefore it 
was reasoned, that by choosing an appropriately low deposition potential (and therefore low 
anodic and cathodic currents), it would be possible to deposit lead while minimising fOlma-
don of oxidising species. 
The other approach considered was to lower the concentration of oxidants O2 and Cb in the 
deposition medium by decreasing their solubilities. Two methods were explored. The first 
was to raise the temperature of the electrolysis medium during sample deposition. The 
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second was to bathe the solution with inert gas during sample deposition. In practice, these 
objectives were met by carrying out sample deposition during the first step of the furnace 
temperature program. This made it possible to adjust the deposition temperature, and switch 
the inert gas flow on and off. 
The effects of deposition potential, increased deposition temperature, and inert gas flow dur-
ing sample deposition are shown in Figure 5.2. The lowest sensitivity was observed when 
using the original ED-ETAAS protocol; room temperature deposition at 5.0 V. Sensitivity 
was marginally improved by using a lower deposition potential, but was still only 50% of the 
maximum obtained. At the lower deposition potentials, the pH of the deposition medium 
remained acidic and production of chlorine gas and related oxidants was relatively low. In 
this situation, the deposition equilibrium is slightly more favourable. 
Sensitivity was greatly enhanced when deposition was effected at elevated temperature. The 
reason for this could be a combination of several factors: enhanced deposition kinetics, 
decreased oxidant concentrations through reduced solubility of chlorine and oxygen, and 
improved sample stirring through convection. The further increase in sensitivity when the 
inert gas flow was switched on could be attributed to both enhanced sample stirring, and to a 
further decrease in oxidant concentration. 
The effects of different gas flow rates were explored further, as shown in Figure 5.3. While 
elevated gas flow rates gave higher sensitivity, the gas tended to push the sample solution out 
of the fu11lace (through the sample introduction port) during electrolysis. With this in mind, a 
gas flow rate of 5.0 was chosen for further work. This was sufficient to give high sensitivity 
without pushing the sample solution out of the furnace. 
The effect of deposition temperature is shown in Figure 5.4. An increase of 5°C was suffi-
cient to almost double the sensitivity; further increases had little added effect. This observa-
tion suggests that convection may play an important part in the improved sensitivity. Another 
effect of increased temperature is to evaporate the sample. Foran evaporating solution that is 
saturated with oxidant gases, the evaporation increases the analyte concentration while the 
oxidant concentration remains relatively constant. This improves the deposition efficiency by 
driving the deposition-dissolution equilibrium, reaction 5.1, to the left. However, evaporation 
of the sample solution can lead to crystallisation of matrix components such as sodium chlo-
ride. TIus is undesirable because such deposits are more difficult to remove in the rinse step 
that precedes pyrolysis and atomisation. The deposition temperature chosen for further work 
was 45°C as tills gave good sensitivity without completely evaporating the sanlple. 
The effect of nitric acid concentration on deposition efficiency is shown in Figure 5.5. The 
decrease in deposition efficiency at low acid concentrations is slightly more marked than was 
observed in non-saline media (Figure 4.1). For future work in saline media, a nitric acid con-
centration of 1.5% was used. This gave good sensitivity, and in some cases seemed to give 
superior deposition efficiency to the 1.0% medium. 
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5.2.2.2 Residual Sodium Chloride 
The amount of sodium chloride remaining in the furnace after electrolysis depends on the 
deposition potential. It increases rapidly at deposition potentials above 3.5 V (this is illus-
trated in Figure 5.6). Thete aJ'e two possible reasons for this effect. The fIrst is that the 
sodium chloride becomes intercalated in the pyrolytic graphite furnace coating. The second is 
that effervescence, caused by rapid hydrogen evolution, spatters sample solution onto the ends 
and top of the furnace. These areas are not reached by subsequent rinse steps so sodium 
chloride from the original sample solution is still present during pyrolysis/atomisation. This 
latter explanation seems more likely given that the background is readily lowered if the fur-
nace is removed and rinsed with distilled water prior to atomisation. Further, the background 
absorbance becomes large at the same potential at which rapid gas evolution begins. 
The other feature of interest in Figure 5.6 is the effect of pyrolysis temperature. When the 
sample is deposited at high potentials (>3.5 V), high temperature pyrolysis produces lower 
absorbances than low temperature pyrolysis. One possible explanation for this is that during 
high temperature pyrolysis, lead reacts with Ch generated from NaCI decomposition. The 
resulting lead chloride is volatilised and 'lost' from the furnace. In contrast, 400 DC pyrolysis 
temperatures are insuffIcient to decompose the residual sodium chloride, so no lead is lost 
during pyrolysis. Upon atomisation the furnace temperature is sufficiently high to dissociate 
any lead chloride formed. Therefore the amount of lead measured using low-temperature 
pyrolysis is higher than for high-temperature pyrolysis. TIns effect can be expected where 
furnace temperature ramp rates are suffIciently high (approximating isothermal conditions) 
and only small amounts of residual sodium chloride are present. 
Hence, when signifIcant amounts of residual sodium chloride remain in the furnace after e1ec-
trodeposition, a lower pyrolysis temperature is preferable. However, when deposition is 
effected at low potentials, the amount of residual sodium chloride is sufficiently small that the 
aJlalytical signal is unaffected by the pyrolysis temperature (400 DC or 1100 DC). 
The effect of pyrolysis temperature on the background absorbance is shown in Figure 5.7. 
The shift in the pyrolysis curves in the presence of the palladium modifier suggests that 
sodium chloride has a reduced stability on the palladium-modilied furnace-the converse of 
what happens with the lead analyte. This is further illustrated in Figure 5.8, which shows that 
when no palladium is present, significantly more sodium chloride is retained on the furnace. 
In this situation, the sodium chloride requires a higher volatilisation temperature. One poss-
ible explaJlation is that in the absence of palladium, sodium chloride penetrates the pyrolytic 
graphite surface of the furnace, giving greater retention and slov:'er volatilisation kinetics. 
TIns is prevented by the palladium modifier which 'seals' the furnace surface.97,147 Another 
explanation is that the palladium occupies the 'active surface sites' at which sodium 
( chloride) is most strongly adsorbed. 
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The different effects of palladium on the lead analyte (stabilisation) and the residual sodium 
chloride (' de-stabilisation ') serve to temporally separate sodium chloride volatilisation from 
lead atomisation. This temporal separation, as illustrated in Figure 5.9, further decreases any 
detrimental effects of residual sodium chloride on lead atomisation. It also helps to explain 
why a small amount of sodium chloride (6 x 10-7 moles), added to the furnace prior to atomi-
sation, has no effect on lead absorbance. 
5.2.2.3 Sample Equilibration 
Unlike conventional ET AAS which measures total metal content, electrochemical techniques 
measure only labile metal species (see Chapter Seven). Thus, because of the incorporated 
electrodeposition step, ED-ETAAS does not measure insoluble metal species or non-labile 
complexes. Therefore, while not of great concern for ETAAS analysis, hydrolysis of analyte 
metals (or formation of other complexes that are not electrochemically labile) can have a 
drastic effect on ED-ETAAS measurements. Such hydrolysis is believed to be responsible for 
the sample equilibration phenomenon shown in Figure 5.10. 
The origin of the 'sample hydrolysis effect' is unclear. Lead stock solutions were prepared in 
0.125 M HN03, giving a solution pH of about 1.0. Equilibrium calculations indicated that no 
hydrolysis should occur at such low pH. The sample solutions were prepared at a final conc-
entration of 1 % HN03 to give an even lower pH, again preventing the formation of hydro-
lysed species at equilibrium. However, it was observed that the order of mixing 311d dilution 
during s31nple preparation affected the sensitivity of ED-ETAAS measurements. By infer-
ence, it is likely that (polymeric) hydrolysed lead species are formed during sample prepara-
tion. The hydrolysed lead species then slowly dissociate (or dissolve) as the system equili-
brates. This effect was p31'ticularly apparent for a 10-fold dilution of 500 ppb lead solution 
into 0.5 M NaCI, followed by acidification with HN03. Time-dependent dissociation/ 
dissolution of the non-labile species formed accounts for the equilibration curves shown in 
Figure 5.10. A similar increase in apparent analyte concentration is shown by the curve 
determined by ASV. The higher percentage of lead measured by the ED-ETAAS technique 
reflects the more forcing conditions used during ED-ETAAS electrodeposition i.e. elevated 
temperature, and depletion of 'free' (labile) metal from the electrolysis medium. * 
Two methods were used to counter the problem oflead hydrolysis. Firstly, the order of mix-
jng/dilution for sample preparation was ch311ged so that the lead stock solution was acidified 
and diluted with water before addition of the sodium chloride stock solution. With this 
method, the initial (t=O) absorbances for lead solutions prepared in 0.5 M NaCll1 % HN03 
were 92% of the limiting values. The lead was fully labilised by microwaving the sample 
* The relative effects of quantitative versus non-quantitative depletion ofthe sample solution are discussed fully 
in Chapter Seven. 
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solutions at high power for 10 seconds (1.0 mL sample). Table 5.1 shows that after 24 hours 
equilibration, microwaved and non~microwaved solutions prepared in tIus fashion contain the 
same amount of labile lead. 
Initial absorbance measurements for 50 ppb lead samples prepared in the order: lead, acid, 
water, NaCI, and then microwaved, were the same as those for lead solutions prepared in 
RN03. Thus, calibration for measurement of lead in saline media can be achieved using 
'simple' acidified lead standards. 
5.2.2.4 Analyte Carry-over 
Analyte carry-over arising from analyte adsorption on the inside of the Pt/lr delivery 
tube/anode was such a problem that in many cases, the first of a series of replieate measure~ 
ments on a sample eould not be used. The extent of this problem is illustrated in Figure 
5.11(a). 
The first two approaches used in trying to solve the earry-over problem were both attempts to 
modify the properties of the original PtlIr eapillary tube. The first, was to silanise the Ptflr 
capillary using dichlorodimethylsilane solution. Whether the silanising was suecessful could 
not be determined, but the carry~over was not ameliorated. The second method tried, was 
lining the inside of the capillary with a polymer; poly(o~pheny1enediamine). The capillary 
surface was prepared and the o-pheny lenediamine electro~polymerised using the method of 
Malitesta et al. 185 In an attempt to coat the inside of the capillary, it was placed in a flow 
system, and o-phenylenediamine was pumped through it during electrolysis. Although the 
polymer was clearly visible on the end surfaces of the capillary, the carry~over problem was 
not overcome. It is possible that current densities in the centre of the capillary during the 
electro-polymerisation process were too low to fully coat the capillary with 
o-phenylenediamine. 
The third, and most successful method used to combat the problem of analyte carryover was 
to replace the PtfIr capillary with a PTFE probe which incorporated a platinum anode (Figure 
2.3). As illustrated in Figure 5.11(b), the carry-over effect was greatly decreased by using 
this probe for introducing samples into the furnace. However, there were two disadvantages 
ofthe PTFE probe. The first was its large size relative to the PtfIr probe. The increased size 
made it difficult to align the probe with the sample introduetion hole in the furnace. The 
greater volume also meant that the volumes of sample and rinse solutions had to be decreased. 
These solutions tended to be pushed out of the furnace by the nitrogen gas flow during elec-
trolysis. 
The second major disadvantage of the probe was its flexible platinumlPTFE composite con-
struction. This made the probe temperature-sensitive in the same way as a bi-metal strip. 
Small fluctuations in air temperature during the course of an analysis caused the probe to 
bend, hence spoiling its alignment with the furnace sample introduction hole. As a conse 
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quence of this, the instrument could not be left to run unattended. Because ofthese problems, 
the PTFE probe tip was not used for further work. Hence the problem of analyte carryover is 
unresolved as yet. The ideal answer would be a PtlIr capillary lined with PTFE. Both PtlIr 
capillary and PTFE tubing are commercially available in suitable sizes to construct such a 
probe. However, financial constraints prevented this happening during the course of this 
research. 
5.3 COPPER DETERMINATION IN SEAWATER 
In tlus section, the ED-ETAAS method developed for determination oflead in sodium chlo-
ride media was used to measure copper in seawater. The amount of copper measured in 
standard solutions, prepared by different methods, was compared in order to establish that 
ED-ETAAS is sensitive to sample speciation and to make some inference about the distribu-
tion of copper in the seawater sample. 
5.3.1 Experimental and Results 
Seawater samples were collected as described in Chapter Two. A series of solutions was pre-
pared from the un-acidified OA5 /lm-filtered sample as shown in Table 5.2. These sub-sam-
ples were subjected to different levels of filtration (0,45 and 0.025 /lm), pre-acidification, and 
UV photolysis 24 hours before analysis. All solutions were further acidified to 1.5% RN03 
and microwaved on high power for 10 seconds (per each 1.0 mL sample) immediately prior to 
determination. 
The furnace was modified by electro lysing 30 /lL of 10 ppm palladium solution, prepared in 
0.1 % RN03, for 20 seconds. The furnace was then dried to 110°C, and 20 ilL of sample 
solution deposited for 60 seconds. The copper deposit was then rinsed with 40 /lL of water 
for 5.0 seconds. High-temperature deposition conditions and a potential of 2.0 V were used 
throughout. Samples were pyrolysed at 900°C and atomised at 2450 °C. The peak copper 
absorbance was measured at 324.8 nm. 
'fhe standard additions calibration curve for a pre-acidified, photo lysed and 0,45 /lm filtered 
sub-sample is shown in Figure 5.12. The calculated copper concentration for this sample was 
1.6±0,4 ppb. The methods of preparation, peak absorbances, and approximate concentrations 
(calculated using the standard additions plot) for the other sub-samples are shown in Table 
5.2. Concentration enors were calculated from the least squares analysis of the standard addi-
tions curve (as described in Section 2.7). 
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Sample preparation method: Mean peak absorbance Calculated con-
(blank corrected, n=4) centration 
1) Filtered to 0 A 5 /lm. 0.039±0.006 0.9±OA ppb 
2) Filtered to 0.025 /lID and pre-acidified to 0.046±0.008 1.1±OA ppb 
0.02% RN03 (ca. pH 2.5). 
3) Filtered to 0045 ~tm and pre-acidified to 0.039±0.001 0.9±OA ppb 
0.02% RN03 (ca. pH 2.5). 
4) Filtered to 0.025 /lm, pre-acidified to 0.02% 0.064±0.002 1.5±OA ppb 
HN03 (ca. pH 2.5), and photolysed for four 
hours. 
5) Filtered to 0045 /lll1, pre-acidified to 0.02% 0.067±0.004 1.6±OA ppb 
. HN03 (ca. pH 2.5), and photolysed for four 
hours. 
Table 5.2 The effect of different sample preparation techniques on the amount of copper measured by ED-
ET AAS in Lyttelton seawater. Samples were pre-equilibrated for 24 hours after preparation and then further 
acidified to 1.5% HN03 prior to analysis. 20 ilL of each sample was electrolysed for 60 seconds in a palladium-
modified furnace at 2.0 V under high-temperature conditions. The deposit was rinsed with 40 ilL of water, 
dried, pyrolysed at 900°C, and atomised at 2450 DC. The copper absorbance was measured at 324.8 nrn. 
Calibration was achieved using the slope ofthe standard addition plot in Figure 5.12. 
0.4 
-2 -1 o 2 3 4 5 6 
Concentration of added copper (ppb) 
Figure 5.12 Standard additions calibration plot for the detennination of total soluble copper in seawater. The 
Lyttelton seawater sample was filtered to 0.045 Jlln, pre-acidified to 0.02% HN03 (ca. pH 2.5), photolysed for 
four hours, and allowed to stand for 24 hours. Sub-samples (1.0 mL) were spiked with known amounts of cop-
per and further acidified to 1.5% HN03 for ED-KlAAS analysis. 20 ilL of the sample was electrolysed for 
60 seconds in a palladium-modified furnace at 2.0 V under high-temperature conditions. The deposit was rinsed 
with 40 Ill. of water, dried, pyrolysed at 900°C, and atomised at 2450 DC. The copper absorbance was mea-
sured at 324.8 11m. 
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5.3.2 Discussion 
Determination of copper in sea water is complicated by the speciation of copper in marine 
environments. Copper is present in seawater both as mono- and di-valent ions which may be 
adsorbed onto colloids, complexed to a variety of organic and inorganic ligands, or distributed 
in micro-organisms. 186 It is therefore important to define which copper species are measured 
by a given method. Such a definition depends upon the analysis technique used, and the 
methods of sample collection and preparation. ETAAS measures the total copper content of a 
sample regardless of the chemical form. Unfortunately, the high sodium chloride content 
usually precludes direct ETAAS analysis of un-modified seawater samples. Anodic stripping 
voltaIllliletry is more suited to seawater analysis because it less affected by the high salt con-
centration. However, unlike ETAAS, only electrochemically labile metals are measured by 
ASV. In order to determine total metal content, saIllples must be acidified/digested to dis-
solve colloids or particulates, and photolysed with UV radiation to decompose refractory 
organic ligands. In the same way, the electrodeposition step in ED-ETAAS makes the tech-
nique sensitive only to labile metals. Thus to measure total metal content by ED-ETAAS, 
saInples require the same pre-treatment steps as for ASV analysis. 
The seawater sample, analysed using standard additions calibration, (Figure 5.12) was 
prepared in much the same way as would be used for measuring total soluble copper by ASV; 
filtered to 0.45 ~m, acidified, and photolysed prior to analysis. The different preparation 
methods for the saIllpJes shown in Table 5.2 would be expected to give different results 
depending on the original distribution of copper in seawater. For eXaIllple, if a large 
proportion of copper was bound to colloidal particles, we would expect to measure less 
copper in the saIllples filtered to 0.025 ~ than in those filtered to 0.45 ~m. If instead, the 
available copper was bound to organic ligands, then we would anticipate measuring a greater 
copper concentration in the photolysed saIllples. If all of the copper was present in a free or 
weakly-bound fmID, then there should be no significant difference in the amount of copper 
measured for any of the different saIllple preparations. 
As can be seen from Table 5.2, more copper was measured in the acidified and photolysed 
SaI11pies thaI1 in those that were merely acidified. The difference can be attributed to copper-
orgaI1ic complexes that aI'e decomposed by photolysis. For the non-photo lysed saIllples, there 
was no significaI1t difference in the amount of copper measured regardless of the filtration 
level. This implies that very little copper is adsorbed on colloidal particles in the 0.025-
0.45 ~m range. The copper measured in these solutions is likely to be present either as Cu2+, 
or as CUI or Cull complexed to OH-, CI-, S042-, or HC03 -.186 The remaining copper, strongly 
bound to organic ligaIlds, is not sufficiently labile to be electrodeposited and is not measured 
in non-photolysed saIllples 
This experiment shows that the ED-ETAAS method is sufficiently sensitive for copper deter-
mination in coastal seawater and that chloride interferences are not a problem. Further, unlike 
conventional ETAAS, the ED-ETAAS method is sensitive to copper speciation. 
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5.4 CADMIUM DETERMINATION IN SEAWATER 
Cadmium is difficult to determine in seawater by ETAAS, because of the high volatility of 
cadmium and the large sodium chloride background absorbance at the cadmium wavelength. 
Cadmium determination in seawater usually requires a combination of a modifier and 
Zeeman-effect background correction,187,188 or a preconcentration/matrix separation 
step.48,189 Other workers have used electrodeposition to pre-concentrate cadmium and 
separate it from the sample matrix prior to ETAAS analysis.27,90 In this section of work ED-
ET AAS was used to directly measure the cadmium content of Lyttelton Harbour seawater. 
This was accomplished using a modification of the method developed for lead determination 
in sodium chloride media. 
5.4.1 Experimental and Results 
A sample of Lyttelton Harbour seawater was collected as described in Chapter Two. This 
was filtered to 0,45 !J.m. A sub-sample of the seawater was acidified to 0.02% RN03 and 
photolysed for five hours in a quartz tube. A series of 1.0 mL aliquots of both the photolysed 
and the non-photolysed water were spiked with known amounts of cadmium and then further 
acidified to 1.5% RN03 and microwaved on high power for 20 seconds immediately before 
analysis. 
The furnace was modified by electrolysing 30 J.tL of 10 ppm palladium solution, prepared in 
0.1 % HN03, for 20 seconds. 20!J.L of sample was then electrolysed for 60 seconds, re-
deposited from 40 !J.L of 0.1 % RN03 for 30 seconds, and rinsed with 40 ~LL of water for 5.0 
seconds. All deposition was effected at 2.0 V, under high-temperature deposition conditions. 
The sample was dried, pyrolysed at 550 °C, and atomised at 2400 °C. The cadmium absorb-
ance was measured at 228.8 nm. 
For the non-photo lysed sample, no cadmium was measured. The standard additions plot for 
the pre-acidified photolysed sample is shown in Figure 5.13. The cadmium concentration 
determined from this plot was 0.10±0.04 ppb. 
5.4.2 Discussion 
Cadmium was determined in seawater by ED-ETAAS with no matrix interference problems. 
The fact that 0.10 ppb cadmium was measured in the photolysed sample, but the non-photo-
lysed sample was below the detection limit, suggests that the method is sensitive to cadmium 
speciation. Release of metals by photolysis/acidification is nonnally indicative of complexa-
tion by organic ligands. However, since organic-complexes are not thought to be important in 
marine cadmium chemistry,186 it was inferred that the ditIerence between the two samples 
was due to cadmium adsorbed on particles that had not been removed by filtration (ie. parti-
cles :s; 0,45 !J.111). In this case, the photolysed samples were acidified five hours prior to anal-
ysis whereas the non-photolysed samples were acidified immediately prior to analysis. Thus, 
desorption of cadmium from particulates could have been due to acidification rather than 
photolysis. 
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Figure 5.13 Standard additions plot for determination of total cadmium in Lyttelton Harbour water by ED-
ETAAS. Seawater prepared by photolysing a 0.45 flm-filtered, acidified (0.02% RN03) sample for four hours, 
and then further acidifying to 1.5% RN03. 20 flL of the sample was electrolysed in a palladium-modified 
furnace for 60 seconds, re-deposited from 40 flL of 0.1 % RN03 for 30 seconds, and rinsed with 40 flL of water 
for 5.0 seconds. All deposition was effected at 2.0 V, under high-temperature deposition conditions. The sample 
was dried, pyrolysed at 550°C, and atomised at 2400 DC. The cadmium absorbance was measured at 228.8 nm. 
While interferences posed no difficulties for the analysis, lack of sensitivity was a problem. 
While the detection limit was not formally calculated, an estimate calculated from the data for 
figure 5.13 gives a detection limit of 0.034 ppb. Thus it can be seen that the measured level 
of cadmium in the seawater is only three times the detection limit of the technique. The 
detection limit could be lowered in several ways. The sample size for determination could be 
increased from 20 /.1L to ca. 35 /.11. Alternatively, a multiple injection technique could be 
used, in which several aliquots of sample are electrolysed before a single atomisation. This 
technique was used successfully by Chuang and Huang,188 but may not markedly improve 
detection limits for ED-ETAAS because of the associated decrease in precision. An EDL 
light source could also be used to improve detection limits and sensitivity. 190 
This experiment showed that ED-ETAAS was a suitable method for determining total 
cadmium in coastal seawater, provided that samples were acidified and photolysed before 
analysis. Although sensitivity could be a problem for such low levels of cadmium, there is 
scope for further improvement in this area. 
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Chapter Six 
Mercury Determination 
This chapter examines the suitability of ED-ET AAS as a method for determining mercury in 
natural waters. The introduction discusses mercury in the environment and the methods used 
to measure it. The relative attributes and drawbacks of these methods are discussed. The 
second section describes the development of an experimental protocol for determination of 
mercury by ED-ETAAS. The ED-ETAAS method is compared with a cold-vapour protocol 
in which elemental mercury is accumulated on a palladium-modified furnace prior to ETAAS 
determination. 
6.1 INTRODUCTION 
Mercury is one of the most toxic elements, and its toxicity to humans has been well estab-
lished. 186 Because of its unique ability to exist as both a liquid and a volatile species at am-
bient temperature, mercury is also one of the most ubiquitous of the heavy metals. The en-
vironmental chemistry of mercury is complex, with many mercury species being cycled 
continuously though the atmosphere, waters, sediments, and living organisms. These mercury 
species include elemental mercury, inorganic mercury (Hg! and HgII), and a host of organo-
mercury compounds. 191 Each part of the environment is dominatedby a different mercury 
species, and each has a different level of toxicity to humans. 192 Very low levels of mercury in 
the environment are bio-concentrated though the food-chain and can reach toxic levels in the 
higher animals. The most famous example of such bio-accumulation was the Japanese 
tragedy of Minamata Bay, where seawater contamination resulted in poisoning of the fish-
eating popUlace. Forty families were affected by mercury poisoning, and one third of the 
cases proved fatal. 191 Consequently there is a great deal of interest in determining trace and 
ultra-trace mercury levels. Both the total mercury concentration and the levels of the individ-
ual mercUlY species are of interest due to their different biological uptakes and toxicities. 
A number of methods have been used for mercury determination. For relatively high concen-
trations of lnercury (above 10 ppb), spectrophotometric methods such as that of Jiang et 
al' J 193 are suitable. Electrochemical methods are now becoming more popular and in some 
cases can provide superior detection limits. For example, Meyer et al. reported an ASV 
method that used a glassy carbon electrode and differential pulse detection. 194 The detection 
limit for tIns method was an extremely low 5xlO-14 M (10 pg L-l). However, the method only 
measures elemental and inorganic mercury. 
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The most common methods of mercury analysis are those based on the cold vapour teclmique, 
in which mercury compounds are reduced to elemental mercury vapour and quantified by 
atomic absorption spectrometry. Conventionally this is done by adding a reducing agent to a 
large volume (ca. 50 mL) of acidified sample, and passing the resultant mercury vapour into a 
quartz cell which is placed in the light path of the atomic absorption spectrometer. 
Nowadays, however, cold vapour analysis more commonly uses a continuous flow system to 
produce the mercury vapour. Stich systems have a higher sample throughput and can include 
extra features such as online microwave sample digestion.195-198 Continuous flow systems 
produce mercury vapour at a slower rate than the traditional batch method so some form of 
preconcentration is frequently employed in order to improve detection limits. 
Various preconcentration methods have been used. Long known for its mercury amalgamat-
ing properties, gold has been a popular choice for use as a substrate for mercury preconcen-
tration. For example, Bruhn et al. accumulated mercury vapour on gold-platinum gauze. 199 
The mercury was released by heating and was passed into a quartz cell for determination. A 
detection limit of 0.033 mg kg-I was established for determination of mercury in human hair. 
Debrah et al. used a similar metllOd, but with ICP-MS detection, to obtain a detection limit of 
200 pg L -I for mercury in water samples.2oo 
In-situ collection of mercury vapour within the graphite furnace is also becoming popular. 
Lee et al. used a gold-coated graphite disk which was placed inside the atomiser to accun1U-
late mercury vapour. 167 Collection efficiency was reported to be 100% for the lifespan ofthe 
disk (ca. 1000 firings). The collection efficiency of different metals was compared by Kumar 
and Meeravali 168, who accumulated mercury vapour on Au, Pd/Au, and Pt/Rh meshes which 
were wrapped around pyrolytic-coated graphite platforms and placed within the atomiser. 
The highest sensitivity and lowest detection limit (and by inference, the most efficient accu-
mulation), were obtained using the gold trap. 
Other authors have collected mercury vapour directly on the inside of the graphite furnace, 
using a noble metal coating to adsorb the mercury. This method was used by Hladky et al. for 
detelmining mercury in concentrated mineral acids. 201 The furnace was coated with gold by 
thermal reduction of a AuIII solution. Mercury vapom was then accumulated on the gold-
modified surface. The same approach has been used with several alternative furnace modi-
fiers including palladium,132 and iridium, zirconium, and tungsten.202 A variation on the 
method was used by Yan et al., who found that palladiumll chloride trapped mercury vapom 
more efficiently than palladium metal. 135 A detection limit of 628 pg L-l for a 50 mL sample 
was reported (40 seconds vapom accumulation) for this very sensitive technique. 
Although cold vapom methods offer high sensitivity, they require extra equipment and often 
have problems arising from high reagent blanks. 203 Conventional ETAAS determination 
offers greater simplicity, faster sample throughput, and less sample preparation.l69 The high 
volatility of mercury and some of its compounds makes the use of chemical modifiers 
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essential for direct ET AAS determination of mercury. Such modifiers fall into two main 
groups: the inorganic modifiers such as thioacetamide or ammonium sulfide which form 
relatively refractory mercury compounds, and the noble metals such as gold and palladium 
which form mercury amalgams/intemletallics. Of the two modifier types, the noble metals 
generally provide a greater degree of stabilisation.203 
Bermejo-Barrera et al. used conventional ETAAS with a palladium modifier to determine 
mercury in seawater. 109 The best detection limit obtained, using a pre-reduced palladium 
modifier and a 20 flL sample, was 1.9 ppb. Ni and Chan compared the performance of gold, 
platinum, and palladium modifiers; the maximum pyrolysis temperatures for mercury deter-
mination using the three modifiers were 250 DC, 300 DC, and 500 DC respectively.1 06 Using 
the palladium modifier, the detection limit for the technique was 0.2 ng of mercury for a 
100 /-1L sample (2.0 ppb). Bulska et al. also compared the effects of various noble metals as 
modifiers for mercury determination. 169 Palladium modifier provided a maximum pyrolysis 
temperature of 400°C, and a 20-fold sensitivity increase over the use of no modifier at all. 
Maximum sensitivity was obtained using a gold-rhodium modifier (1.05 times that for 
palladium) but the maximum pyrolysis temperature for this was only 150 DC. Sensitivity for 
a gold modifier was only one tenth of that obtained for the palladium modifier. The best 
detection limit for the technique (6 /-1g L-1) was obtained using either a gold/rhodium modifier, 
or an electrodeposited palladium modifier. 
In this chapter, different modifiers were compared for determination of mercury by ED-
ETAAS. The relevant electrodeposition parameters were optimised, and the linear working 
range and characteristic mass for the technique determined. The ED-ET AAS method was 
then compared with a cold vapour method, in which mercury vapour was collected on either 
PdCb or electrodeposited Pd, prior to ETAAS determination. 
6.2 EXPERIMENTAL AND RESULTS 
6.2.1 ED-ETAAS Determination 
In order to obtain maximum sensitivity for mercury determination, the parameters involved in 
the electrodeposition process were studied and optimised. Following this, the relative stabili-
sation and sensitivity offered by different modifiers was evaluated. 
For all ED-ETAAS measurements presented in this chapter, the following experimental con-
ditions were used (unless otherwise stated): Palladium modifier was deposited for 20 seconds 
from 30 flL of 10 ppm solution prepared in 0.1 % Hl\J03. Palladium deposits were dried at ca. 
100 DC prior to sample deposition. Sample volumes were 20 flL. All depositions were effec-
ted using a deposition potential of 2.0 V and high-temperature deposition conditions (45 DC, 
inert gas on). Peak absorbances for mercury atomisation were measured at the 253.7 nm 
mercury resonance line. 
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6.2.1.1 Deposition Parameters 
Effect of DePOSitiOI1 Time 
Mercury was deposited onto a palladium-modified furnace for 10-60 seconds from a 
2.7 x 10-6 M (541 ppb) solution prepared in 1 % HN03_ The sample was pyrolysed at 300 DC 
and atomised at 2300 DC. The results are shown in Figure 6.1. 
E.ffect of Deposition Potelltial 
Mercury was deposited onto a palladium-modified furnace for 40 seconds from a 4 xl 0-6 M 
solution prepared in 1% HCI, using potentials between 0.0 and 2.0 V. The sample was re-
deposited from 40 ilL of 0.1 % HN03 for 60 seconds, pyrolysed at 250 DC and atomised at 
2400 DC. l11e results are shown in Figure 6.2. 
Effect of Deposition Medium 
Mercury was deposited onto a palladium-modified furnace from 2.7xlO-6 M solutions which 
were prepared in several different media. The resulting mercury deposits were pyrolysed at 
300 DC and atomised at 2300 DC. The experiment was repeated with a 30 second re-deposi-
tion step (35 ilL of 0.1% HN03) for some samples. The sample deposition media and results 
are shown in Table 6.1. 
Sample deposition Mean peak absorbance Mean peak absorbance 
medium (no re-deposition, n = 3) (30 second acid re-deposition, n = 3) 
0.5% HN03 0.448 RSD 1.7% -- --
1.0% HN03 0.538 RSD 3.4% 0.369 RSD=6.1% 
1.5% HN03 0.542 RSD= 1.8% --
0.5% H2S04 0.472 RSD 1.6% ~"" ... -
1.0% H2S04 0.534 RSD 4.6% 0.445 RSD = 3.2% 
1.0% HCI 0.076 RSD= 11.5% 0.599 RSD = 1.9% 
1.5% HCI 0.039 RSD = 16.6% --
0.5% HCI04 0.174 RSD 5.6% 0.271 RSD 1.3% 
1.0% HCI04 0.125 RSD= 14.5% --
Table 6.1. The effect ofdeposition medium and re-deposition for ED-ETAAS determination of mercury from 
2.7xI0-7 M solution. Mercury was deposited onto a palladium-modified furnace (with or without a 30 second 
re-deposition fi'01TI 35 r.tL of 0.1 % HN03), pyrolysed at 300°C, and atomised at 2300 DC. 
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Figure 6.1 Effect of deposition time. Mercury was deposited onto a palladium-modified furnace for 
10-60 seconds from a 2.7xlO-6 M solution prepared in 1% HN03. The sample was pyrolysed at 300°C and 
atomised at 2300 0c, 
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Figure 6.2 Effect of deposition potential. Mercury was deposited onto a palladium-modified furnace for 
40 seconds at 0.0-2.0 V, from a 4xlO-6 M solution prepared in 1% Hel. The sample was re-deposited from 
40 ilL of 0. 1 % RN03 for 60 seconds, pyrolysed at 250°C and atomised at 2400 DC. 
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6.2.1.2 Method Characterisation 
Thermal Stability for Mercury Deposits 
The thermal stability for electrodeposited mercury was compared with that for thermally 
deposited mercury . Electrodeposition was effected using palladium and gold modifiers. 
Conventional deposition was effected using both an unmodified furnace, and with ammonium 
sulphide, and electrodeposited palladium modifiers. The pyrolysis curves for each experi-
ment are shown in Figure 6.3. Because different sensitivities are obtained for each modifier, 
and because experiments were carried out using different mercury standards, the pyrolysis 
curves are presented as a percentage of the maximum mercury absorbance obtained for each 
experiment. (The absolute sensitivities are discussed in the subsequent section.) 
The conditions used for each experiment were: 
Conventionally-deposited mercury on unmodified pyrolytic graphite: 24 flL of 2.7xl0-6 M 
mercury solution, prepared in 1 % HN03, was injected into the furnace. The sample was dried 
at 110°C, pyrolysed (150-350 °C), and atomised at 2300 0c. 
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Figure 6.3 Mercury pyrolysis curves for different modifiers and deposition protocols. Peak mercury absorb-
ances for each experiment have been normalised by setting the mean peak absorbance for the most sensitive 
pyrolysis temperature equal to 1.0. 
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Conventionally-deposited mercury with ammonium sulphide modifier: 11.3 ilL of 5.3x 10-6 M 
mercury solution, prepared in 1% RN03, and 10 ilL of 2% (NH4hS solution were injected 
into the furnace. The sample was dried at 11 0 °C, pyrolysed (150-400 °C), and atomised at 
2300°C. 
Conventionally-deposited mercury on electrodeposited palladium modifier: 20 ilL of 
4x 10-6 M mercury solution, prepared in 1 % HCI, was injected into a palladium-modified fur-
nace. The sample was dried at 100°C, pyrolysed (150-820 °C), and atomised at 2400 0C. 
Electrodeposited mercury on electrodeposited palladium: 24 ilL of 2. 7x 1 0-6 M mercury 
solution, prepared in 1 % RN03, was electro lysed for 60 seconds in a palladium-modified fur-
nace. The sample was dried at 135°C, pyrolysed (160-850 °C), and atomised at 2300 0C. 
Electrodeposited mercury on electrodeposited gold modifier: The furnace was modified by 
electrolysing 30 ilL of 10 ppm gold solution, prepared in 0.075% HCII0.025% RN03, for 20 
seconds. Mercury was then electrodeposited for 60 seconds from 20 ilL of 4 x 10-6 M solu-
tion (prepared in 0.1 % RN03). The deposit was dried at 110°C, pyrolysed (150-350 °C), and 
atomised at 2400 °C. 
Comparison of Modifiers for Mercury Determination 
The relative sensitivities for mercury determination using different modifiers and deposition 
protocols were inferred from the blank-corrected absorbances for standard mercury solutions 
as analysed using the different protocols. The protocols compared were: thermally deposited 
mercury with ammonium sulphide modifier, electrodeposited mercury on electrodeposited 
gold modifier, and electrodeposited mercury on electrodeposited palladium modifier. 
For the thermal determination of mercury with ammonium sulphide modifier, 20 ilL of 
4 x 10-6 M mercury solution (prepared in 1 % HCI) and 10 ilL of ammonium sulphide solution 
were placed in the furnace, dried, pyrolysed at 150°C, and atomised at 2400 °C. The experi-
ment was performed using two different concentrations of ammonium sulphide solution-2% 
and 40% (w/v). The results for this experiment were compared with those for 20 ilL of the 
same mercury solution electrolysed in a palladium-modified furnace for 40 seconds at 2.0 V. 
The deposit was re-deposited from 40 ilL of 0.1 % RN03, pyrolysed at 200°C, and atomised 
at 2400 °C. The relative absorbances obtained for the two protocols are shown in Table 6.2. 
In a second experiment, gold and palladium modifiers were electrodeposited onto the furnace 
from 35 ilL of 10 ppm solutions as described in the section on thermal stability. Mercury was 
then electrodeposited using the same protocol as for the previous experiment. The relative 
absorbances obtained for the two protocols are shown in Table 6.2. 
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Method. of analysis Normalised mean peak RSD 
absorbance (n=4) 
ETAAS: 2% (NH4)zS modifier 0.37 13.2% 
ETAAS: 40% (NH4)2S modifier 0.39 13.8% 
ED-ETAAS: palladium modifier 1.00 3.9% 
ED-ETAAS: gold modifier 0.91 1.2% 
Table 6.2 Relative peak absorbance for determination of mercury (ca. 8x lO-n g) by conventional ETAAS 
(with ammonium sulphide modifier) and by ED-ETAAS (with electrodeposited palladium and gold modifiers). 
Mercury was determined from 20 ilL of 4 x 10-6 M solution, prepared in 1 % He!. 
Characteristic Mass 
The characteristic mass for mercury detennination by ED-ETAAS with palladium modifier 
was determined using replicate blank-corrected measurements of a 4 x 10-6 M mercury solu-
tion prepared in 1 % HCI. The mercury was deposited from calibrated volumes (21.3 I-lL) onto 
electrodeposited palladium, for 40 seconds. The sample was then re-deposited for 30 seconds 
from 30 I-lL of 0.1 % RN03. The blank-corrected mean peak absorbance for four replicate 
measurements was 0.828 (RSD=8.8%). This corresponds to a characteristic mass of91 pg. 
Linear Working Range 
To establish the linear working range for mercury determination by ED-ETAAS, a calibration 
curve was prepared. Mercury was deposited onto a palladium-modified fumace from stand-
ard solutions, prepared in 1.5% HCI, in the range 0.0 -7.2I-lM. The mercury deposits were 
re-deposited from 0.1 % RN03, dried, pyrolysed at 250°C, and atomised at 2400 DC. The 
blank-corrected results are shown in Figure 6.4. The detection limit for the technique was not 
formally determined. However, an estimate based on five replicate measurements of the 
blank: (for the calibration curve in Figure 6.4) indicates a detection limit of ca. 9 x 10-8 M 
(18 ppb). 
6.2.2 Cold Vapour Determination 
A cold-vapour mercury analysis protocol was developed, in which elemental mercury was 
accumulated on a palladium-modified furnace prior to ETAAS determination (CV-ETAAS). 
This method is an adaptation of previously reported palladium-based techniques. 132,13S The 
objects of the work were to compare CV-ETAAS with ED-ETAAS, and to compare the coll-
ection efficiency for the electrodeposited modifier with that for the palladium chloride modi-
fier (as recommended by Yan and Ni13S). 
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Figure 6.4 Calibration curve for mercury determination by ED-ETAAS. Mercury was deposited from 20 ~L of 
1.5% HCl solution onto a palladium modified furnace and redeposited from 40 ~L of 0.1 % HN03. A pyrolysis 
temperature of250 DC and an atomisation temperature of 1400 DC were employed. 
Mercury vapour was produced using the HG3000 hydride generator (a schematic diagram of 
this apparatus is shown in Figure 2.4). The reductant used was 0.3% (w/v) NaBH4 prepared 
in 0.3% (w/v) NaOH solution. This was freshly prepared each day. A 14% (v/v) HCI solu-
tion was used to control the pH. The HG3000 used a flow-rate of 8.4 mL of sample per 
minute. Mercury vapour produced by the HG3000 was passed into a heated furnace (200°C) 
which had been pre-modified with palladium. The vapour was collected for sixty seconds. 
To compensate for the time taken by the mercury vapour to pass through the length of the 
sample introduction tube, the HG3000 was started 60 seconds prior to the start of vapour coll-
ection. 
A typical furnace temperature program for the cold vapour analysis is given in Table 2.4. The 
collection temperature was 200°C, the atomisation temperature was 2400 °C. 
6.2.2.1 Comparison of Modifiers for CV-ETAAS 
Two different forms of palladium modifier were used for mercury vapour collection: electro-
deposited metal, and dried (non-reduced) palladium chloride. The electrodeposited palladium 
surface was prepared by electro lysing 3 5 ~L of 10 ppm palladium solution, prepared in 0.1 % 
RN03, for 20 seconds. The palladium chloride modifier was prepared by drying 40 ~L of 
500 ppm palladium solution, prepared in 7% HCI, onto the surface of the furnace at 200°C. 
The electro-reduced palladium modifier was compfLred with the palladium chloride modifier 
using the absorbance obtained for 84 n g mercury prepared in 2% RN03. The mean peak 
absorbances for replicate measurements are shown in Table 6.3. 
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Mean peak mercury Mean peak mercury absorbance 
absorbance using palladium using electrodeposited palladium 
chloride modifier (n = 5) modifier (n = 5) 
Blank 0.108 RSD = 8.1% 0.135 RSD = 9.1% 
Sample 0.269 RSD 3.4% 0.386 RSD =2.5% 
Sample (blank-corrected) 0.161 RSD= 8.8% 0.251 RSD 9.4% 
Table 6.3 Relative sensitivity for mercury determination by CV-ETAAS, using electro-reduced palladium and 
palladium chloride modifiers. Mercury vapour was produced from an 84 ng sample which was prepared in 
2% HN03. The vapour was collected on the modified furnace for 60 seconds at 200°C. 
6.2.2.2 Sensitivity 
The sensitivity for mercury determination by CV-ETAAS on a palladium-modified furnace 
was calculated from the calibration curve shown in Figure 6.5. Mercury standards in the 
range 0.00 to 0.15 ~M were analysed using a 60 second collection time (8.4 rnL of sample per 
analysis). This sampling method corresponds to determination of 0.0 to 250 ng of mercury. 
The blank corrected data are plotted in Figure 6.5. The mean peak absorbance for the blank 
(n=5) was 0.136 with an RSD of 9.0%. 
The characteristic mass for the CV-ETAAS method was calculated from the slope of the cali-
bration curve (Figure 6.5). The slope (0.38 ~g abs- l ) corresponds to a characteristic mass of 
1.7 ng. 
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Figure 6.5 Calibration curve for CV -ETAAS determination of mercury using an electrodeposited palladium 
modifier. MercUlY vapour was produced from standards in the range 0.00 to 0.15 ~M, which were prepared in 
2% I-IN03. The vapour was collected for a period of 60 seconds at a temperature of 200°C. 
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The detection limit for the technique was not formally determined. However, an estimate 
based on five replicate measurements of the blank indicated a detection limit of ca. 14 ng. 
The practical limitation on the detection limit was the size of the reagent blank. A 60 second 
vapour accumulation produced a reagent blank of ca. 0.1 abs, which was attributed to impuri-
ties in the sodium borohydride reductant. Because the size of the blank was proportional to 
the accumulation time, extended accumulation times were not used. Accordingly, a detection 
limit based on a practical accumulation time was determined. For a sixty second accumula-
tion time (8.4 mL of sample used), the 14 ng detection limit corresponds to a concentration 
detection limit of 8.4x 10-9 M (1.7 ppb). 
6.3 DISCUSSION 
6.3.1 ED-ETAAS Determination 
6.3.1.1 Deposition Parameters 
Figure 6.1 shows the effect of deposition time on the peak absorbance for mercury determina-
tion. A deposition time of 40 seconds gave good precision and maximum sensitivity. 
Therefore this was used for all further work. 
The effect of the deposition potential is shown in Figure 6.2. Increasing the potential in the 
range 0.0 to 1.5 V produced higher mercury absorbances, but :further increasing the potential 
from 1.5 to 2.0 V did not bring about any additional improvement. Hence, the optimum 
deposition potential chosen for mercury determination was the same as that used for the pre-
viously determined metals: 2.0 V. 
The effect of the deposition medium on the peak mercury absorbance is shown in Table 6.1. 
Deposition from HN03 and H2S04 media both provided good sensitivity. The peak absorb-
ances observed for these two acids were similar. For both, sensitivity was decreased when a 
30 seconds re-deposition from 0.1 % HN03 was included in the analysis protocol. The reason 
for this is unclear, but in hindsight, it may have been caused by an insufficient re-deposition 
time. The re-deposition time of 30 seconds was chosen based on the deposition time curve 
shown in Figure 6.1 and the re-deposition time curve for lead, shown in Figure 4.3. However, 
for both of these curves, the sample matrix/re-deposition medium was 1.0% HN03. If the 
deposition kinetics for 0.1 % HN03 are slower, then the 30 second deposition time may have 
been insufficient to re-deposit mercury that, on withdrawal of the probe/anode, dissolved in 
residual sample medium. If this was the case, possible remedies include using a more 
concentrated (1.0%) re-deposition solution, and/or using a longer re-deposition time (60 
seconds). At the time however, this matter was not :further investigated. 
Sensitivity for deposition from HCI04 was poor; ca. 30% of that from the HN03 medium. 
Whether this was due to poor deposition efficiency or to loss of mercury during pyrolysis is 
not lmown. When a re-deposition step from 1 % HN03 was included, the peak absorbance for 
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mercury deposited from HCI04 increased, but not to the level observed for the other acids. 
This indicates that the low absorbances for HCI04 media were a combination of poor deposi-
tion and pyrolysis losses. 
The effect of HCI, as a deposition mediumJor mercury determination, was similar to that for 
cadmium determination Cfable 4.5). Poor sensitivity was observed for samples deposited 
from HCI and analysed without a re-deposition step. However, when a re-deposition step 
(0.1 % HN03) was included, sensitivity was markedly increased. A likely explanation for this 
is that residual HCI is diluted by, and largely removed from the furnace with the HN03 re-
deposition medium; this removal of residual chloride preventing subsequent low temperature 
formation (and loss) of volatile mercury chlorides. 
The 1% HCl deposition/a. 1 % HN03 re-deposition protocol gave higher peak mercury ab-
sorbances than were obtained for either HN03 or H2S04 deposition media. Consequently, 
tIllS protocol was used for all further work. 
6.3.1.2 Method Characterisation 
Figure 6.3 shows the relative thermal stabilities for mercury deposited using different 
deposition protocols and modifiers. The hlghest degree of stabilisation was achieved by 
electrodepositing the mercury onto electrodeposited palladium. The maximum pyrolysis 
temperature was 500 DC; an increase of 100 DC over the next most stable deposit-thermally 
deposited mercury on electrodeposited palladium. The apparent maximum pyrolysis tempera-
ture for thermally deposited mercury (200 DC) was unchanged by the addition of ammonium 
sulphide modifier. However, the sensitivity was greatly enhanced-the peak absorbance was 
ca. five times larger in the presence of the ammonium sulphlde modifier. 
The gold modifier decreased the thermal stability relative to that for thermally deposited mer-
euryon unmodified pyrolytic graphite. However, the sensitivity was improved more than 
twofold. TIllS is shown in Table 6.2, whlch compares the relative peak absorbances for elec-
trodeposition onto gold and palladium modifiers, and for thermal deposition using ammonium 
sulpillde modifier. The maximum sensitivity observed was for electrodeposited mercury on 
electrodeposited palladium. The decreased sensitivity for thermally deposited mercury with 
ammonium sulphide modifier could be explained either by low temperature volatilisation 
losses, or by differing atomisation kinetics. Further investigation would require examining 
the integrated absorbances under isothelmal atonlisation conditions. 
The characteristic mass for mercury deternlination using the ED-ETAAS protocol with palla-
dium modifier (91 pg) compares favourably with the theoretical value of 69 pg calculated by 
L'vov204 and with experimental values obtained by other workers. Bulska et al. 20S and Shan 
and Wen36 reported a characteristic masses of 110 pg for mercury determination using palla-
dium modifiers. Welz et ai. 108 reported a characteristic mass of97 pg for mercury determina-
tion using a mixed palladium-magnesium nitrate modifier. Considerably lower values (33.1-
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70.5 pg) were reported by Bermejo-Ban-era et al. 109 who used various palladium-based modi-
fiers for direct mercury determination, and by Lee et al. 167 (20 pg) who used a gold modifier 
to collect mercury vapour. However, such low values are the exception rather than the norm 
for mercury determination. 
The linear working range for mercury determination by ED-ETAAS with palladium modifier 
is inferred from the calibration plot shown in Figure 6.4. This extends from 0.45 !lM (the 
limit of determination) to 7.0 !lM (0.09 ppm to 1.4 ppm). This working range could be 
extended by altering the sample volume within the range 10-35!lL. (The sample volume used 
in this work was 20 !lL.) 
6.3.2 CV-ETAAS Determination 
The primary aims of this section of work were: to compare the collection efficiency for elec-
trodeposited palladium modifier with that for the palladium chloride modifier recommended 
by Yan and Ni,135 and to compare the detection limits for CV -ETAAS with those for ED-
ETAAS. Table 6.3 shows that the sensitivity obtained using the electrodeposited palladium 
was greater than that obtained with palladium chloride. The apparent disagreement with the 
results of Yan and Ni is probably caused by both the different surface coverages! 
morphologies, and different collection efficiencies for electro:-reduced, and thermally-reduced 
palladium modifiers (see Section 3.1.4). Thus, while palladium chloride may be superior to 
themlally reduced palladium as a modifier for mercury vapour accumulation, it is surpassed 
by electro-reduced palladium. 
The characteristic mass calculated for the method (1.7 ng) shows that the technique is far less 
sensitive than ED-ETAAS. This is probably due to inefficient production and transport of 
mercury vapour from the sample solution. The HG3000 (Figure 2.4) uses a flow-injection 
method with a short reaction time to produce mercury vapour. Because of this, the amount of 
mercury vapour produced is very dependent on reaction kinetics. If mercury in the sample 
solution has not been quantitatively reduced by the time the reaction mixture reaches the gas-
liquid separator, unreacted mercury is "lost". Further, the HG3000 does not drive mercury 
vapour from solution with a purge gas. The argon flow serves only to transport gaseous 
mercury from the gas-liquid separator through the delivery tube. Mercury vapour is carried 
out of the reduction mixture and into the argon stream along with hydrogen. Hence, further 
losses occur as non-volatilised elemental mercury is pumped to waste along with the reaction 
mixture. It is also possible that "capture" of the mercury vapour on the palladium surface is 
not 100% efficient, but this is difficult to test in practice. 
Inefficient production and collection of mercury vapour is not an insurmountable problem 
provided that the sample volume is sufficient to permit extended vapour production! collec-
tion. Thus, although the sensitivity for CV-ETAAS, as defined by the characteristic mass, is 
only one twentieth of that for ED-ETAAS, the detection limit is a factor of ten lower. This 
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apparent contradiction is a consequence of the relative sample sizes for the two techniques: 
ca. 20 ilL for ED-ETAAS versus ca. 8.4 mL (per minute) for CV-ETAAS. 
The detection limit for the CV-ETAAS technique can theoretically be lowered further by 
extending the sample collection time. However, in practice this is prevented by the size of the 
reagent blanle For a 60 second collection time, the peak absorbance for the reagent blanle was 
ca. 0.1. This was largely attributable to impurities in the sodium borohydride reductant. 
Changing to a more pure grade of borohydride, or to the more commonly used stannous 
chloride, would undoubtedly decrease the size of the reagent blank and afford lower detection 
limits. Unfortunately, neither of these reagents was available during the course of this work. 
The linear working range for the CV-ETAAS technique (as used), was from the limit of det-
ermination (42 nM) to 0.15 IlM. This could be extended through the use of more pure 
reagents and, if necessary, sample dilution. 
During the course of this research, the opportunity did not arise to test either protocol (ED-
ETAAS or CV-ETAAS) with organo-mercury compounds. It is known that methylmercury 
compounds are not reduced by sodium borohydride unless some fonn of sample pre-treatment 
is used.206,196 However, both organic and inorganic mercury are reduced by stannous 
chloride. Therefore, the relative proportions of organic and inorganic mercury in a sample 
can be determined by difference using CV-ETAAS and a selective reduction process, 
achieved through the choice of reductant. 202 Total mercury is determined using stannous 
chloride reduction, whereas inorganic mercury is determined by borohydride reduction. 
Determination of organomercury compounds by ED-ETAAS would require their direct 
reduction on the palladium modified furnace surface. Frick and Tallman found that a 
deposition potential of -1.0 V (vs. Ag/AgCl) did not effect efficient reduction of 
organomercmy compounds on a pyrolytic graphite electrode.64 Therefore, unless palladium 
catalyses the reduction, it is unlikely that organomercury compounds can be directly 
determined using ED-ETAAS. However, it should be possible to quantify organic and 
inorganic mercury by difference. Inorganic mercury can be detennined directly by ED-
FrAAS. Total mercury could be determined following a pre-treatment step which converts 
organic to inorganic mercmy. 
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Chapter Seven 
Metal Speciation 
This chapter introduces the concept of metal speciation, and discusses some of the methods 
used to measure it. The experimental sections are devoted to metal speciation analysis by 
ED- ET AAS, using the electrodeposition step to differentiate between "free" and EDT A-
bound metal. The metals investigated were bismuth, lead, copper and nickel. Studies were 
carried out using buffered solutions. 
7.1 INTRODUCTION 
Elements in a system such as a natural water can be present in many chemical forms or 
species. Examples of different species include various oxidation states of a transition metal 
and different complexes of a soluble ion. Speciation analysis of metals is concerned with 
differentiating between the individual species which make up the total element concentration. 
This differentiation is important because different species can exhibit varying levels of toxi-
city in an environmental system. Often, it is the simple aqua ion which shows greatest 
toxicity. The availability of this metal ion is a function of the stability and lability of the 
metal complexes. Strong complexation can decrease the availability of toxic metal ions, thus 
ameliorating their effects. For example, the toxicity of the A13+ ion towards plants is 
markedly decreased in the presence of high concentrations of organic ligands.207 Hence, 
metal speciation and its determination play an important part in understanding metal toxicities 
in natural systems. In particular, analysts are designing methods to differentiate between the 
very labile ("free"), and less labile or inert fractions of an element. 
Such metal speciation studies can be readily carried out using ASV, which can differentiate 
between free, moderately labile, and, with sample pretreatment, inert metal species. ASV has 
the advantages of high sensitivity, ready analysis of high salt matrices such as seawater, and 
the simultaneous determination of up to four elements. However, it has a much lower sample 
throughput than conventional ET AAS, and for many sample matrices, relies on time-consum-
ing standard addition calibration; a minimum sample volume of ca. 5.0 mL is usually 
required. ASV is limited to amalgam-forming metals that can be reduced at potentials 
positive of ca. -1 V (vs SCE) and reversibly oxidised at potentials negative of the mercury 
oxidation potential (ca. 0.45 V vs SCE). This eliminates the determination of such elements 
as: 
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i) Manganese and iron and aluminium, which have reduction potentials negative of 
-1.2 V. 
ii) Cobalt, which has limited solubility in mercury. 
iii) Nickel, manganese, chromium and cobalt, which are not oxidised reversibly from 
mercury. 
iv) Platinum, palladium, silver and gold, which are oxidised at potentials positive of 
the mercury oxidation potential. 
In contrast, ET AAS has high sample throughput, and is not restricted by the reduction poten-
tials of analytes. However, conventional ETAAS is capable only of measuring the total metal 
concentration. Thus to date, ETAAS has received limited application in the field of specia-
tion, except as a post-fractionation technique. Das and Chakraborty208 reviewed the literature 
from 1980-1994, and found that in most of the published studies, individual species were 
separated in a prior treatment by ion exchange, solvent extraction, or chromatographic 
methods. Conventional ETAAS was then used to determine the total elemental concentration 
in the resulting fractionated solutions. Unfortunately, the two-step nature of these methods 
makes them relatively complex. This can contribute to decreased sample throughput, 
decreased precision, and increased likelihood of introducing contaminants to the sample. 
Some attempts have also been made to measure speciation by ET AAS using ex-situ electro-
deposition. (These studies are described in Section 1.5.2.) Analytes were deposited onto 
electrodes which were then transferred to an ET AAS instrument for quantitation. However, 
such techniques are relatively awkward and suffer from the same drawbacks as the hyphen-
ated chromatographic-type methods- they are slow, and difficult to automate. 
The electrodeposition step of the ED-ETAAS technique provides scope for differentiating 
between "free" and inert species. The operational simplicity of this automated technique is a 
vast improvement over the involved nature of many of the other hyphenated methods, and the 
in situ deposition does not provide the opportunity for sample contamination. Further, ED-
ET AAS suffers few of the disadvantages of ASV. The available voltage window is not 
limited by mercury oxidation or water reduction, and analytes need not be capable of 
amalgam formation. 
The work described in this chapter explores the possibility of effecting metal species fract-
ionation using ED-ET AAS. The aim was to differentiate between free and EDT A -bound 
metal using the principle that the reduction potential of a metal is affected by complexation 
reactions.209 The difference between the standard reduction potentials of the metal, and an 
inert metal ligand complex can be described by a relationship derived from the Nernst equa-
tion:210 
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(Equation 7.1) 
where k 2.3 RT/nF; R is the gas constant, T is the absolute temperature and F is the 
Faraday constant. For a one electron reduction at 25°C, k 59 mY, and for a two electron 
reduction, k is approximately 30 m V. The a coefficient for complexation of the metal by 
ligand 'L' is defined by: 
(Equation 7.2) 
where [L '] is the concentration of L not complexed by the metal, and K' is the conditional 
stability constant for the formation of ML. 
Thus, it was predicted that shifts in the reduction potential due to complexation, would pro-
vide the key to fractionation of metal species by ED-ETAAS. The objective was to discrimi-
nate between complexed and non-complexed metal ions through the use of selective reduction 
potentials- a negative overpotential to reduce both complexed and non-complexed metal, and 
a less negative potential to reduce only the non-complexed metaL This approach was tested 
using the EDT A complexes of four metals; bismuth, lead copper, and nickel. 
7 .2 EXPERIMENTAL AND RESULTS 
7.2.1 Bismuth 
For ED-ETAAS experiments, the following conditions were used: Palladium was deposited 
using a 30 second electrolysis of 30 I-tL of 10 ppm solution prepared in 0.1 % HN03. Bismuth 
samples were deposited from 20 I-tL of solution for 60 seconds. The bismuth deposit was 
rinsed with 40 I-tL of water for 5.0 seconds, dried, pyrolysed at 1100 °C, and atomised at 
2300 oe. The absorbance was measured at the 306.8 nm resonance line. Electrodeposition 
was effected at room temperature (to minimise complex labilisation), but with the inert gas 
switched on (to effect convectional stirring). The deposition potentials used are given for 
each experiment. 
The bismuth standards used in this section were 9.6 x 10-7 M (200 ppb) bismuth with varied 
concentrations of EDTA (0.0 to 1.9x 10-6 M), prepared in 0.04M NaCI/0.01%HN03. 
Because of the relatively low lability of the bismuth-EDTA complex,211 the standards were 
heated to boiling in a water bath for 30 minutes, and allowed to equilibrate overnight prior to 
analysis. Speciation modelling using Solgaswater102 suggested that under these conditions, 
bismuth would be quantitatively complexed by EDT A. 
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7.2.1.1 Effect of Deposition Potential 
The effect of the deposition potential was examined for two of the bismuth solutions. One 
containing 9.6x 10-7 M bismuth and no EDTA ('free bismuth'), and another containing the 
same concentration of bismuth and 1.92 x 10-6 M EDTA (,EDTA-complexed bismuth'). 
These two solutions were analysed by ED-ET AAS using a range of deposition potentials. 
The peak absorbances are plotted against the deposition potential in Figure 7.1. 
7.2.1.2 Deposition Potential Calibration 
ED-ET AAS experiments are performed using uncontrolled deposition potentials, thus the 
actual potentials on the cathode and anode during the electrolysis are not precisely known. 
The actual electrode potentials during electrolysis of a 9.6 x 10-7 M bismuth solution were 
determined in separate experiments, using the furnace simulation apparatus and protocol 
described in Section 2.3.2. The results are shown in Figure 7.2. 
7.2.1.3 Speciation; Comparison of ED-ETA AS and ASV 
It was established from Figure 7.1 that free Bi3+ is reduced at an applied potential of ca. 0.8 V 
while bismuth in the Bi-EDTA complex is not. Therefore a deposition potential of 0.8 V 
should allow discrimination between free and EDTA-bound bismuth. This hypothesis was 
tested by measuring free bismuth in a series of pre-equilibrated solutions that contained 
varying concentrations of EDTA (prepared as described in Section 7.2.1). The experiment 
was carried out at two temperatures, 25°C and 45 °C, in order to determine any temperature 
dependence of the technique. The same solutions were also analysed by ASV, using para-
meters as given in Section 2.3.1. Bismuth was deposited at -0.45 V (vs. Ag/AgCl) for five 
minutes, and stripped to +0.10 V. The stripping current was measured at ca. -0.154 V vs. 
Ag/ AgCL The results of the ED-ETAAS and ASV experiments are compared in Figures 7.3a 
and 7.3b. 
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Figure 7.1 The effect of deposition potential on absorbance for 'free' bismuth (D) and EDTA-complexed 
bismuth (.) Bismuth was deposited onto a palladium modified furnace for 60 seconds from 20 flL samples, 
which contained 9.6 x 10-7 M bismuth in 0.04 M NaClIO.Ol M RN03, with and without 1.92 x 10-6 M EDTA. 
The deposition potential was varied from 0.0 to -2.0 V. 
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Figure 7.2 Electrode potential calibration for bismuth electrodeposition. Potentials measured between the 
Agi AgCl reference electrode, and the cathode (D) and anode (0) during deposition of 9.6 x 10-7 M bismuth 
prepared in 0.04 M NaCl/O.O 1 % RN03. 
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Figure 7.3 Effect of EDTA:bismuth ratio on ED-ETAAS peak absorbance (a), and SW-ASV stripping 
current (b) for solutions containing 9.6 x 10-7 M bismuth prepared in 0.04 M NaCI/O.Ol% RN03. For ED· 
ETAAS experiments, sample solutions were deposited onto a palladium modified furnace at 25 °C/0.8 V (.), 
25 °C/O.6 V (0), and 45 °C/O.6 V (D). 
Chapter Seven Metal Speciation 151 
7.2.2 Lead 
TIle deposition medium for lead speciation studies had to fulfil several criteria. It had to pro-
vide buffering at a pH that allowed stoichiometric binding of lead and EDTA (PH ca. 4.5), 
and the conjugate base of the bufier had to be non-complexing so that it did not compete with 
the EDT A. Further, the medium had to have sufficient ionic strength to provide conductivity 
for electrolysis to occur at a significant rate. 
The simplest buffer system available at pH 4.5 was acetic acid/acetate. The speciation of the 
lead-EDTA system in acetate buffer was modelled using Solgaswater. 102 For a 3 x 10-7 M 
lead solution prepared in 0.1 M acetate, the model indicated that only 7% of the lead was 
present as the Pb2+ -aqua ion; the rest being present as acetate species. Accordingly, acetate 
concentrations were kept to the minimum level that provided sufficient buffering. Problems 
of low electrolyte conductivity at the lower acetate concentrations were countered by adding 
0.01 M KN03 to increase the ionic strength. 
7.2.2.1 Effect of Deposition Potential 
The effect of the deposition potential was examined for 3 xl 0-7 M lead solutions in the 
presence and absence of EDT A. Initial investigations failed to locate a potential at which the 
fi'ee lead could be selectively reduced in the presence of EDTA-bound lead. This problem 
was attributed to the EDTA-Iead complex adsorbing onto the palladium modifier, thus giving 
rise to a lead absorbance irrespective of the deposition potential. To avoid this problem, sub-
sequent experiments were carried out in the absence of palladium modifier. 
Two lead solutions (2.25 x 10-6 M), one containing 3 x 10-6 M EDT A, were prepared in 
0.001 M acetate/O.Ol M potassium nitrat~ at pH 4.5. 20 ilL sample aliquots were electrolysed 
in an unmodified furnace for 90 seconds using a range of deposition potentials (0.0 to 2.4 V). 
The deposits were then rinsed with 35 ilL of water for 5.0 seconds. Electrodeposition was 
effected at room temperature, with the inert gas flow switched on. Samples were pyrolysed at 
700°C and atomised at 2350 DC. A plot of the deposition potential versus the lead absorb-
ance is shown in Figure 7.4. 
7.2.2.2 Deposition Potential Calibration 
The cathode and anode potentials during electrolysis of a 2.4 x 10-8 M lead solution (prepared 
in 0.1 M acetate/O.! M NaCl at pH 4.7*) were determined using the furnace simulation app-
al'atuS alld protocol described in Section 2.3.2. The results are shown in Figure 7.5. 
* This experiment was carried out prior to the modelling experiments which determined that lower 
concentrations of acetate were desirable for lead speciation experiments. 
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Figure 7.4 Effect of deposition potential on lead absorbance for a 90 second deposition from 20 ilL of 
2.25 x 10-6 M lead solution Ul the presence (0), and absence (D) of 3 x 10.6 M EDT A. Samples were prepared 
in 0.001 M acetate/O.OI M potassium nitrate at pH 4.5. Electrodeposition was effected at room temperature, 
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Figure 7.5 Calibration of electrode potentials for lead electrodeposition. Potentials were measured in a palla-
dium-modified furnace, between the Ag/ AgCI reference electrode, and the cathode (D) and anode (0). The 
solution used for the electrolysis was 2.4 x 10-8 M lead prepared in 0, I M acetate/OJ M NaCl at pH 4.7; 
Chapter Seven Metal Speciation 153 
7.2.2.3 ED-ETAAS Speciation: Effect of Deposition Time 
It was established from Figure 7.5 that free Pb2+ is reduced at an applied potential of ca. 1.9 V 
with minimal reduction of the Pb~EDTA complex. This deposition potential was used to 
measure free lead in the presence of varying amounts of EDT A. To establish whether species 
within the sample re-equilibrate significautly during electrolysis, the experiment was per-
formed twice, using different deposition times. 
A series of lead standards (6.0x 10-7 M) containing varying amounts of EDTA (0.0 to 
7.5 X 10-7 M) was prepared in 0.001 M acetate/O.OI M potassium nitrate at pH 4.5. 20 ~L 
aliquots were electrolysed in an unmodified furnace at an applied potential of 1.9 V. Two 
different deposition times were used: 10 seconds and 60 seconds. The lead deposits were 
rinsed twice with 35 ~L of water for 10 seconds, aud then re-deposited from 35 ~L of 0.01 M 
HN03 for 30 seconds. Samples were pyrolysed at 700°C and atomised at 2350 DC. The lead 
absorbauce was measured at 283.3 nm. The results are shown in Figure 7.6. 
As a comparison, the effect of the EDTA:lead ratio was examined using ASV. A series of 
lead standards (3.0x 10-7 M) containing varying amounts of EDTA (0.0 to 3.0x 10-7 M) was 
prepared in 0.001 M acetate/O.Ol M potassium nitrate at pH 4.5. Samples were analysed 
using the protocol described in Section 2.3.1. Lead was deposited at -0.60 V for five minutes, 
and stripped to -0.10 V. The stripping cun-ent was measured at ca. -0,41 V vs Ag/AgCL The 
experiment was performed twice; once using a 'fast' stin-ing speed during sample deposition, 
and once using a quiescent deposition step. The resulting stripping currents for the two exper-
iments differed by an order of magnitude because of the different stirring rates used. Hence, 
to permit ready comparison, the results shown in Figure 7.7 are displayed as percentages of 
the mean stripping cun-ent obtained for the solution that contained no EDTA. 
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Figure 7.6 Effect of EDTA:lead ratio on ED-ETAAS absorbance, for 10 seconds deposition (a), and 60 
seconds deposition (b), from 6.0 x 10-7 M lead standards prepared in 0.001 M acetate/Om M nitrate at pH 4.5 
containing varying amounts of EDTA. 20 ilL sample aliquots electrolysed at 1.9 Vat room temperature, with 
the inert gas switched on. Deposits were rinsed twice with 35 ilL of water for 10 seconds, and then re-deposited 
from 35 ilL of 0.01 M HN03 for 30 seconds. Samples were pyrolysed at 700 °e and atomised at 2350 °e. 
Lead absorbance was measured at 283.3 nm. 
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Figure 7.7 Effect of EDT A:lead ratio on ASV stripping current for stirred deposition (D) and quiescent depos-
ition (0) from 3.0x 10-7 M lead standards prepared in 0.001 M acetate/0.01 M nitrate at pH 4.5 containing 
varying amounts of EDTA. Samples were analysed using the protocol described in Section 2.3.1. Lead was 
deposited at 0.60 V for five minutes, and stripped to -0.10 V. The stripping current was measured at ca. -0.41 V 
vs Ag/AgCl. 
7.2.3 Copper 
7.2.3.1 Effect of Deposition Potential and Buffer Composition 
The effect of the deposition potential was examined for 1.6x 10-7 M eopper solutions in the 
presence, and absence, of EDTA. Three different media were compared to determine which 
gave the best separation of the reduction potentials for free and EDTA-complexed copper. 
These media were: 0.05 M KN03, 0.015 M acetate buffer (PH 4.5), and 0.05 M hexamine 
buffer (pH 4.5). The EDTA concentrations used were: 3.6x 10-7 M (nitrate and acetate 
media) and 2.5 x 10-5 M (hexamine media). 
20 ilL sample aliquots were electro lysed in a palladium-modified furnace using potentials 
ranging from 0.0 to 3.0 V. The deposits were then rinsed with 35 ilL of water for 5.0 seconds. 
Electrodeposition was effected at room temperature, with the inert gas flow switched on. 
Samples were pyrolysed at 800°C and atomised at 2500 DC. Plots of the deposition potential 
versus the copper absorbance are shown in Figure 7.8. 
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Figure 7.8 The effect of deposition potential on absorbance for 'free' copper (D) and EDTA-complexed 
copper ce) in (a.) 0.05 MKN03 solution, (b.) 0.015 M acetate buffer (pH 4.5), and (c.) 0.05 M hexamine 
buffer (pH 4.5). Copper was deposited onto a palladium-modified furnace for 60 seconds from 20 JlL samples, 
which contained 1.6 x 10-7 M copper in the presence and absence of excess EDTA. Deposits were rinsed with 
35 JlL of water for 5.0 seconds, pyrolysed at 800°C and atomised at 2500 cC. 
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7.2.3.2 Deposition Potential Calibration 
The cathode and anode potentials during electrolysis of a 1.6 xl 0-7 M copper solution, pre-
pared in 0.15 M acetate/O.1 M NaCI at pH 4.5, were determined using the furnace simulation 
apparatus and protocol described in Section 2.3.2. The results are shown in Figure 7.9. 
7.2.3.3 Speciation 
The possibility of fractionating copper species by ED-ETAAS was further investigated. A 
series of 1.6 xl 0-7 M copper solutions was prepared in 0.05 M hexamine buffer (pH 4.5) 
containing EDTA concentrations which ranged from 0.0 to 3.2 x 10-7 M. 20 ilL samples were 
electro lysed for 60 seconds in a palladium modified furnace with a deposition potential of 
1.0 V. Deposition was effected at room temperature with the inert gas flow switched on. The 
deposits were rinsed with 35 ilL of water for 5.0 seconds, pyrolysed at 800°C, and atomised 
at 2500 0c, The results are shown in Figure 7.10. 
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Figure 7.9 Calibration of electrode potentials for copper electrodeposition. Potentials were measured in a 
palladium-modified furnace, between the Agl AgCI reference electrode, and the cathode (D) and anode (0). 
The solution used for the electrolysis was 1.6 x 10-7 M copper prepared in 0.15 M acetate/O.l M NaCl at pH 4.5. 
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Figure 7.10 Effect of EDTA:copper ratio on ED-ETAAS absorbance for analysis of 6.0x 10-7 M copper 
standards prepared in 0.05 M hexamine at pH 4.5, containing varying amounts ofEDTA. 20 ilL sample aliquots 
we),e electrolysed at 1.0 V fo), 60 seconds at room temperature, pyrolysed at 800°C and atomised at 2500 DC. 
Copper absorbance was measured at 324.8 tim. 
7.2.3.4 Fractionation of Cu2+ and Cu-Fulvate complexes 
An attempt was made to apply the ED-ETA AS technique to speciation in copper(II)-fulvate 
solutions. The effect of deposition potential was examined for 1.6 x 10-7 M copper solutions 
prepared in 0.1 M acetate buffer (pH 5.5), in the presence and absence of fulvic acid 
(2.8 mg L -I). 20 ilL sample aliquots were electrolysed in a palladium-modified furnace using 
a range of deposition potentials (0.0-3.0 V). Deposition was effected at room temperature 
with the inert gas on. The deposits were rinsed once with 40 ilL of water for 5.0 seconds, 
pyrolysed at 900 DC, and atomised at 2450 DC. The results are shown in Figure 7.11. 
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Figure 7.11 Effect of deposition potential on absorbance for 1.6 x 10-7 M copper solutions prepared in 0.1 M 
acetate buffer (PH 5.5), in the presence (0) and absence ) offulvic acid (2.8 mg L-1). 20 ilL sample aliquots 
were electro lysed in a palladium-modified furnace, at room temperature with the inert gas on. The deposits 
were rinsed once with 40 ilL of water for 5.0 seconds, pyrolysed at 900°C, and atomised at 2450 °C. 
7.2.4 Nickel 
7.2.4.1 Effect of Deposition Potential 
The efIect of the deposition potential was examined for 6.8 xl 0-7 M nickel solutions in the 
presence and absence of excess EDTA (4x 10-6 M) prepared in 0.14 M ammonia/ammonium 
chloride buffer (pH 7.3). 20 ~L aliquots of the samples were electrolysed in a palladium-
modified furnace for 60 seconds using deposition potentials ranging from 0.0 to 3.0 V. 
Deposition was effected at 45°C with inert gas flow switched on. The deposits were pyro-
lysed at 900°C and atomised at 2600 0c. The results are shown in Figure 7.12. 
7.2.4.2 Deposition Potential Calibration 
The cathode and anode potentials during electrolysis of a 6.8 x 10-7 M nickel solution, pre-
pared in 0.14 M ammonia/ammonium chloride buffer (pH 7.3), were determined using the 
furnace simulation apparatus and protocol described in Section 2.3.2. The results are shown 
in Figure 7.13. 
160 Electrodeposition and Electrodeposited Modifiers in ETAAS 
0.5 
0.4 
<lJ 
Q § 0.3 
13 
o 
U'l 
.g 
~ 0.2 
<lJ (:l... 
0.1 
0.0 -1-----,,...---.....----.--...,.----,..--,-
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Applied potential (V) 
Figure 7.12 The effect of deposition potential on absorbance for 'free' nickel (D) and EDTA-complexed 
nickel (.). Nickel was deposited onto a palladium modified furnace for 60 seconds from 20 ilL samples, which 
contained 6.8 X 10-7 M nickel in 0.14 M ammonia/ammonium chloride buffer (pH 7.3) with and without 
4.0 X 10-6 M EDTA. The deposition potential was varied from 0.0 to -3.0 V. Deposition was effected at 45°C 
with inett gas flow switched on. The deposits were pyrolysed at 900 °C and atomised at 2600 DC. 
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Figure 7.13 Calibration of electrode potentials for nickel electrodeposition. Potentials were measured in a pall-
adium-modified furnace, between the Ag/ Agel reference electrode, and the cathode (D) and anode (0). The 
solution used for the electrolysis contained 6.8 x 10-7 M nickel, prepared in 0.14 M ammonia/ammonium 
chloride buffer (pH 7.3). 
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7.2.4.3 Speciation 
Fractionation of nickel species by ED-ET AAS was further investigated by analysing a series 
of 6.8 xl 0-7 M nickel solutions which contained various conccntrations of EDTA 
(0.0 - 3.4 X 10-6 M), prepared in 0.14 M arnmonialarnmonimn chloride buffer (PH 7.3). 20 ilL 
samples were electrolysed for 60 seconds in a palladium modified furnace with a deposition 
potential of 2.0 V. Deposition was effected at room temperature with the inert gas flow 
switched on. The deposits were rinsed with 35 ilL of water for 5.0 seconds, pyrolysed at 
800 DC, and atomised at 2500 DC. The results are shown in Figure 7.14. 
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Figure 7.14 Effect ofEDTA:nickel ratio on ED-ETAAS absorbance for analysis of 6.8 x 10-7 M nickel stand-
ards prepared in 0.14 M ammonia/ammonium chloride buffer (pH 7.3), containing varying amounts ofEDTA. 
20 ilL sample aliquots were electrolysed at 2.0 V for 60 seconds at 45 DC with the inert gas switched on. 
Deposits were pyrolysed at 900 DC and atomised at 2600 DC. 
7.3 DISCUSSION 
7.3.1 Bismuth 
Figure 7.1 shows the ED-ETAAS absorbance as a function of the (uncontrolled) deposition 
potential for Bi3+ and Bi-EDTA-. The distinct curves for the reduction of the two species, 
which are analogous to polarographic waves, show that a more negative potential is required 
to reduce bismuth in Bi-EDTA-. This follows the trend predicted by Equation 7.1, which 
indicates that E1I2 for reduction of the complex will be shifted by an amount proportional to 
its stability constant. Bismuth forms a very stable complex with EDTA, with a stability con-
stant log K 25.68 (1.0 M NaCI04, 25 oC).103 Substitution of log K into Equation 7.1 yields 
a theoretical ilE1I2 of -0.387 V. The experimental LlE1I2 value was obtained after calibrating 
the uncontrolled-potential E1I2 values for Bi3+ (0.55 V), and Bi-EDTA- (1.35 V), using the 
curves presented in Figure 7.2. This resulted in El/2 values of approximately 0.1 V and -0.1 V 
(vs Ag/AgCI) for Bi3+ and Bi-EDTA-respectively: hence, LlEl12 was ca. -0.2 V. 
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Several factors could contribute to the large discrepancy between the calculated and experi-
mental values of ~El/2. Firstly, the deposition potential calibration (Figure 7.2) is of limited 
application. During electrodeposition processes such as those used in ED-ETAAS, the elect-
rolysis current decreases as a function of tin1e.212 In the uncontrolled-potential electrolysis 
used in ED-ETAAS, the electrode potential also changes with time. This was also observed 
in the ED-ETAAS simulation experiments that were used for calibrating deposition potentials. 
The calibrated potentials shown in Figure 7.2 are the potentials measured ,vithin ca. 10 sec-
onds of switching on the uncontrolled potential. The measured potentials then became more 
negative with time. Thus, the calibration curve shown in Figure 7.2 can only be used to 
approximate the initial electrode potentials during electrolysis. It is not possible to control the 
electrode potentials over the duration of the electrolysis unless a three-electrode system 
coupled to a potentiostat is used. 
A second factor contributing to the difference between the calculated and experimental ~E1I2 
values relates to the method used to calculate the theoretical value. The function used for this 
purpose (Equation 7.1) is a purely thermodynamic expression which takes no account of 
kinetic factors such as the diffusion layer thiclmess at the electrode surface, or the ligand 
exchange rates (lability) of the metal~ligand complexes. Theoretical studies which take kine-
tic parameters into account have been made by Zirino and Kounaves,212 and by Shuman and 
Cromer,213 who described the theoretical current-potential relationships for reduction of 
metals and their complexes at the hanging mercury drop electrode (HMDE). Theory and ex-
perimental verification showed that ~El/2 is related to a number of factors including the elec-
trolysis time, the diffusion coefficient for the metal-ligand complex, the diffusion layer thick-
ness, the electrode area, and the rate constant (1(5) for the reduction of the metal ligand species 
(Reaction 7.1 ).213 
ML+ ne- (Reaction 7.1) 
Recently, Branica and Lovric214 used ASV to study the pseudopolarography of totally irre-
versible redox reactions. Specifically, this study considered the pseudopolarography of stable 
and inert complexes of metal ions with poly dentate ligands such as NT A and EDT A. The 
authors pointed out that the pseudopolarographic ~El/2 for an irreversible redox reaction at a 
thin mercury film rotating disc electrode is given by a more complex function of log K:214 
E1I2(ML) E1I2(M) RT In KAO _ RT In kso 
nF Dtaee anF D 
(Equation 7.3) 
where R, T, n, and F have their usual meanings, K is the stability constant for the complex 
ML, A is the mercury film thiclmess, 0 is the diffusion layer thickness, D is the difIusion 
coefficient for ML, tace is the accumulation time, a is the charge transfer coefficient, and ks is 
the rate constant for Reaction 7.1. 
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In this work, the possible effect of bismuth hydrolysis on 8E1/2 was also considered. A 
Soigaswater102 model indicated that at pH 2.0, only ca. 10% of the bismuth is present as 
Bi3+-the remainder being present as BiOH2"" (80%) and Bi(OH)/ (10%). However, the 
small log K value for the BiOH2+ complex (-1.09 at I 0.0,25 DC215), means that E1/2 for 
BiOH2+ should not be significantly different from EII2 for Bj3+. Thus, 8E1/2 will not be 
affected by the presence ofBiOH2+. 
For the purpose of this work, the experimental 8E1I2 value for the bismuth-EDTA system 
(0 btained by plots of deposition potential versus absorbance) was sufficient to determine 
potentials that could be used to selectively deposit non-complexed metaL Figure 7.1 shows 
that an tmcontrolled potential of 0.8 V selectively deposited Bi3+/BiOH2+/Bi(OHh + without 
substantial deposition of Bi-EDTA". The small absorbanees measured for Bi-EDTA" at depo-
sition potentials below 1.2 V could be attributable either to adsorption ofthe Bi-EDTA" com-
plex onto the palladium, or to residual Bi-EDTA- which was not removed by the post-deposi-
tion rinsing process. The Bi-EDTA- complex is considered to be inert211 so these absorbances 
are unlikely to stem from partial reduction of a labile Bi 3+ species. 
Figure 7.3 shows the effeet of increasing EDTA concentration for analysis of a 9.6x 10-7 M 
Bi3+ solution by (a) ED-ETAAS and (b) ASV. The ASV results (7.3b) closely match those 
expected for a non-labile species. The results for ED-ETAAS (7.3a) at room temperature also 
closely follow this model, although they indicate either a partial reduction of the Bi complex 
(ca. 5-10%), or retention of complex on the furnace by adsorption. 
Figure 7.3a shows that a significantly higher absorbance is observed when electrolysis is 
effected at an elevated temperature (45 DC). The enhanced sensitivity at Bi : EDTA= 1 : 0 in-
dicates that room-temperature deposition is non-quantitative. Incomplete deposition at room 
temperature may be due to a lack of convective sample stirring during room-temperature elec-
trolysis, but may also be related to dissociation kinetics. Ifthe species BiOH2+ is only partial-
ly labile, then we would expect the lability, and hence the deposition efficiency to increase 
with temperature. 
In addition to enhanced deposition at 45 DC, Figure 7.3a shows that the amount of lead meas-
ured shows little dependence on the EDT A concentration. This may indicate lability of the 
Bi-EDTA" complex. Although such lability is not observed by ASV, two different factors 
may contribute to its observation in this case. The convection eontrolled (slow) stirring dur-
ing deposition leads to a rclatively thick diffusion layer for ED-ETAAS, increasing the resi-
dence time of the complex within the diffusion layer. The raised temperature increases the 
rate of the complex dissociation equilibrium, further increasing the apparent lability of the 
complex under these conditions. 
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One other consideration when comparing results from conventional electrochemical experi-
ments (ASV, polarography etc.) with those from ED-ETAAS experiments relates to the 
exhaustive deposition protocol used for ED-ETAAS. For conventional electrochemical 
analysis, the concentrations of the metal and ligand in the bulk solution are assumed to be 
unaffected by processes at the electrode surface and remain constant. Hence equilibrium 
processes in the solution are unaffected by electrode processes. However, in the case of ED-
ETAAS, the metal concentration in the bulk solution decreases thoughout the course of the 
electrolysis. Thus, in contrast to the ASV teclmique where lability is defined by the ability of 
a complex to dissociate within the diffusion layer (fractions of a second), in ED-ETAAS there 
is scope for Ie-equilibration of metal-ligand complexes over the duration of the electrolysis 
---an effective timescale of 60 seconds. Overall, this serves to constantly decrease the 
metal:ligalld ratio in the sample over the duration of the deposition. 
In the case of the Bi-EDTA complex, where log K is large, and stoichiometric binding is 
predicted, there should be no. net difference due to exhaustive electrolysis between the amount 
of free metal measured by ASV and ED-ETAAS, provided that the complex does not diss-
ociate within the diffusion layer. However, for a labile complex that does dissociate within 
the diffusion layer, the increasing ratio of ligand to metal throughout the electrolysis will in-
crease the rate of formation of ML relative to the rate of dissociation, effectively decreasing 
the apparent lability of the complex. This effect will lead to "stretched" pseudopolarograms 
with low limiting slopes. 
7.3.2 Lead 
Figure 7.4 shows the effect of deposition potential on lead absorbance for deposition of lead 
in the presence and absence of excess EDTA. Maximum deposition of 'free lead' is attained 
at an applied potential of ca. 1.8 V whereas significant reduction of the Pb-EDTA complex 
only begins at applied potentials greater than ca. 2.1 V. This potential 'window' was suffi-
cient to allow selective deposition of free lead. The experimental LlE1I2 for the lead/lead-
EDTA system was detennined after calibrating the apparent E1/2 values obtained from Figure 
7.4 against the referenced potentials shown in Figure 7.5. This method gave an experimental 
LlE1/2 of ca -0.3 V, compared to an LlEl/2 value of -0.366 calculated from Equation 7.1 (using 
log K = 18.52; 0.1 M KN03, 25 °C).103 
A distinctive feature of the lead-EDTA system, contrasting with the Bi-EDTA system, is that 
the lead-EDTA complex is strongly adsorbed to the palladium-modified furnace (results not 
shown). This was largely prevented by excluding the palladium deposition step from the 
analysis protocol. However, Figure 7.4 shows that some Pb(EDTA)2- still adsorbs to the 
pyrolytic graphite surface at low deposition potentials. Comparison with Figure 7.5 reveals 
that the adsorption occurs at applied potentials for which the actual electrode potential on the 
furnace ('cathode') surface is positive. This suggests adsorption of the negatively charged 
(Pb-EDTA)2- species onto the positively charged pyro]ytic graphite. 
Chapter Seven Metal Speciation 165 
Figure 7.7 shows the effect of EDT A concentration on lead stripping current for ASV analysis 
of solutions containing 3.0 xl 0-7 M Pb2+. The experiment was carried out using two different 
stilTing protocols; a 'fast' stilTed deposition (700 rpm), and a quiescent (unstirred) deposition. 
Different diffusion layer thicknesses for these two experiments should lead to different results 
for measurement of a pseudo-labile complex (if the timescale for dissociation is similar to that 
for the ASV experiment). However, the regression lines for the two data sets plotted in 
Figure 7.7 are virtually identical. This result, and the intercept at EDTA:Pb 1: 1, confirms 
previous reports that for a deposition potential of -0.7 V, the lead-EDTA complex is inert on 
the ASV timescale.216 Therefore, the lead-EDT A complex is expected to be inert for unstilTed 
deposition during ED-ETAAS analysis. 
Figure 7.6 shows the effect of EDT A concentration on absorbance for ED-ETAAS analysis of 
solutions containing 6.0x 10-7 M Pb2+. The x-intercept for a 10 second deposition period, 
occurs at a 1: 1 ratio of lead to EDT A-consistent with a complex that is inert on the experi-
mental timescale. However, for a 60 second deposition, the x-intercept occurs at a 1.25:1 
EDTA:lead ratio. This change is consistent with pseudo-lability of the Pb(EDTA)2- complex 
under ED-ETAAS conditions, however, this explanation is not supported by the ASV results. 
An interpretation of the conflicting results presented in Figures 7.6a and 7.6b, is that the 
Pb(EDTA)2- complex slowly penetrates the surface of the unprotected (no palladium modi-
fier) pyrolytic-coated graphite furnace. (It has been shown that pyrolytic graphite is not 
impernleable. 147) Such a sub-surface species would not be readily removed by post-deposi-
tion rinses. Thus, the longer the deposition time, the more penetration would occur, and the 
more complexed lead would be measured. 
The variable precision observed in Figures 7.4 and 7.6 is largely attributable to the absence of 
palladium modifier. This requires the use oflower pyrolysis temperatures, which leads to less 
efficient removal of residual acetate prior to atomisation. The lack of precision is also due to 
incomplete deposition, and hence, poor overall sensitivity. For all metals studied (except 
nickel), quantitative deposition was only observed at low pH (::S; ca. 1.0). Thus, for speciation 
studies in buffer solutions, only a fraction of the available analyte is deposited. Where dep-
osition was effected at room temperature the fraction of deposited metal is lower still due to 
the lack of convectional stilTing during electrolysis. Non-quantitative deposition was not 
considered to be a great problem, any more than it is in ASV analysis, provided that the 
fraction of analyte deposited is constant for a given set of conditions. The only drawback is 
the corresponding decrease in sensitivity. 
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7.3.3 Copper 
There is a clear difference between the results for copper and those for the other cations stud-
ied. This may be attributed to the much greater lability of copper complexes. Figure 7.8 
shows the effect of deposition potential on absorbance for copper deposition in the presence 
and absence of excess EDTA. A different effect is observed for each of the three media; 
a) 0.05 M KN03, b) 0.015 M acetate buffer (pH 4.5), and c) 0.05 M hexamine buffer (PH 
4.5). 
The deposition potential versus absorbance curves obtained in 0.05 M KN03 media (Figure 
7.8a) are almost identical for copper and copper-EDTA. It is possible that both the complex 
lability and the chemistry of the electrolyte solution playa part in this. During electrolysis, 
the pH of the unbuffered deposition medium was observed to decrease rapidly. From an 
initial pH of ca. 3.0, the pH rapidly ill-opped below 2.0. Solgaswater calculations indicate that 
under the deposition conditions used, significant complexation of copper and EDTA does not 
occur below ca. pH 2.2. Thus, it is possible that both of the curves shown in Figure 7.8a rep-
resent reduction of free Cu2+. 
The plot for copper deposition in 0.015 M (pH 4.5) acetate media (Figure 7.8b) shows that 
again, there is no potential window that could be exploited to selectively deposit free copper. 
The curve for copper-EDTA is similar to that obtained in nitrate media, but with a slight shift 
in E1I2. The increased pH is a likely cause for this change. The lower slope of the "free" 
copper curve is possibly related to the speciation of copper in the acetate medium. A Sol-
gaswater model predicts that at pH 4.5, in 0.015 M acetate, only ca. 70% of the copper is free; 
the remainder is present as the copper-acetate complex. Thus, the curve shown in Figure 7.4b 
could be a composite of two processes; reduction of Cu2+, and reduction of less labile 
Cu(OAct. TIns effect has been observed for other ligands,217 but was not observed for the 
copper-acetate system by Figura and McDuffie.216 
The broad pseudopolarogram of the "free" copper curve may also indicate irreversible reduc-
tion processes. However, a broad pseudopolarogram was not observed for reduction of the 
Cu-EDTA complex, which is known to be reduced irreversibly on mercury.218 The alterna-
tive explanation for the broad copper reduction curve is that Cu(OAc)+ andlor Cu2+ are 
adsorbed onto the furnace (and thus measured) at potentials below those at which they are 
reduced. 
The ED-ETAAS-pseudopolarograms for reduction of copper and copper-EDTA in hexamine 
buffer are shown in Figure 7.8c. In this case, a useful potential window exists in which free 
copper can be selectively reduced in the presence of Cu(EDTA)2-. This indicates that the 
Cu(EDTA)2- complex is not labile on the timescale used in ED-ETAAS deposition. Previous 
studies indicate that the lability of Cu(EDT A)2- depends on the deposition medium. Tuschall 
and Brezonik219 found that the complex was inert in an acetate buffer (on the ASV timescale). 
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Figura and McDuffie216 observed the same inertness, but noted that the complex was partially 
labile in Tris buffer. The increased lability was attributed to the complexing ability of the 
Tris buffer. 
The experimental ~El/2 for the copper/copper-EDTA system was determined after calibrating 
the apparent El/2 values obtained from Figure 7.8c against the referenced potentials shown in 
Figure 7.9. This method gave an experimental ~E1I2 of ca -0.45 V, compared to an ~E1I2 
value of -0.416 calculated from Equation 7.1 (using log K = 18.7; 0.1 M KN03, 25 0C).103 
Figure 7.8c shows that a deposition potential of 1.0 V gives maximum free copper deposition 
with minimum Cu(EDTAf- deposition. The effect of increasing EDTA concentration on 
absorbance, for a 1.6x10-7 M copper solution deposited at 1.0 V, is shown in Figure 7.10. 
The lack of an x-intercept at a 1: 1 ratio indicates either adsorption of Cu(EDTA)2- onto the 
furnace surface, or some complex lability. Although such lability would conflict with the ED-
ETAAS-pseudopolarograms shown in Figure 7.8c, it can be seen that a very small change in 
the applied potential could effect Cu(EDTA)2- reduction. Given the uncontrolled nature of 
the deposition potential, this seems a likely explanation for the apparent contradiction. Thus, 
the copper-EDTA complex could be considered 'quasi-labile' on the ED-ETAAS timescale. 
Figure 7.11 shows the effect of the deposition potential on absorbance for ED-ET AAS analy-
sis of 1.6 xl 0-7 M copper solutions in the presence and absence of fulvic acid. The two 
curves indicate that at potentials greater than 2.0 V, both the free and fulvate-bound copper 
are reduced. However, at lower voltages a large proportion of the fulvate-bound copper is 
also measured. It is unlikely that the copper-fulvate complex is reduced at lower potentials 
than copper, so it is likely that the high absorbances result from adsorption of the hydrophobic 
fulvate complex onto the surface of the fumace-either to the palladium modifier, or to the 
pyrolytic graphite. Therefore, application of the ED-ETAAS technique to fractionation of 
copper species requires media with very low organic content such as potable waters or sea-
water. 97 
7.3.4 Nickel 
Figure 7.12 shows the effect of deposition potential on absorbance for nickel deposition in the 
presence and absence of excess EDTA. The curve for Ni(EDTA)2- has a much smaller limit-
ing slope than was observed for the bismuth, lead, or copper -EDTA complexes. This points 
to ilTeversibility of the Ni(EDTA)2- reduction process. As a consequence, the experimental 
~El/2, determined after calibrating the apparent El/2 values against the referenced potentials 
shown in Figure 7.13, is large-ca. -0.65 V, compared to ~El/2 of -0.385 V calculated from 
Equation 7.1 (logK= 18.52; 0.1 M KN03,25 °C).1°3 Although the experimental ~El/2 is 
larger than that for any of the other metals studied, there is no window in which free nickel 
can be selectively deposited in the presence of EDT A. The greatest differentiation between 
free and EDTA-complexed nickel occurs at deposition potentials in the range 1.8-2.0 V. 
168 Electrodeposition and Electrodeposited Modifiers in ETAAS 
Figure 7.14 shows the effect of increasing EDTA concentration (on absorbance) for a 
l.6 x 10-7 M nickel solution electrolysed at 2.0 V. Speciation models (Solgaswater102) of 
nickel and EDT A system predict stoichiometric complexation in ammonium buffer at pH 7.3 
(Figure 7.15). From tIlls model, it follows that the x-intercept for Figure 7.14 should occur at 
an EDTA:nickel ratio of 1: l. However, the experimental curve does not intercept the x-axis 
at all. The limiting peak absorbance of ca. 0.1 suggests that a signifieant fraction of the 
Ni(EDTA)2- complex is reduced at 2.0 V. This is consistent with the results shown in Figure 
7.12. Both of these results suggest that the Ni(EDTA)2- complex is pseudo-labile under ED-
ETAAS conditions. 
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Figure 7.15 Speciation of nickel with increasing EDTA concentration, as calculated for a 6.8xlO-7 M Ni2+ 
solution prepared in 1.14 M ammonium bufter at pH 7.3, 
In general however nickel is known to be one of the less labile divalent eations, with a 
specific rate constant for water exchange on Ni2+ of Ie = 3 X 104 M-1 s-l, Furthermore, the 
Ni(EDTA?- complex forms slowly at low concentrations, as apply at the endpoint in volu-
metric analysis. 22o The apparent lability observed in ED-ETAAS analysis may be related to 
the increased deposition temperature used for nickel determination (45°C), The speciation 
studies for bismuth, lead and copper (carried out subsequent to the nickel studies) were per-
fonned at room temperature. Thus it is possible that Ni(EDTA)2- lability would not be 
observed with room temperature deposition. However, the speciation of nickel was not re-
investigated during the course of tills work. 
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Chapter Eight 
Arsenic Deternlination and Speciation 
The first section of this chapter describes the occurrence of arsenic and its toxicity in the envi-
ronment. Arsenic speciation and its toxicological significance are introduced, and various 
methods of arsenic detennination and fractionation are discussed. The experimental section 
outlines the development of an ED-ETAAS method to determine inorganic ASIII and total 
arsenic. Developmental work concentrated on determining arsenic from ASIII standards. 
Subsequent work established protocols to differentiate between AsIlI and As v. The method 
developed was used to determine AsIII and total arsenic in natural waters. The results were 
validated by comparison with an established hydride-generation method. The relative attrib-
utes of the ED-ETAAS protocol are discussed. 
8.1 INTRODUCTION 
8.1.1 Arsenic Occurrence and Toxicity 
Arsenic is the twentieth most abundant element in the earth's crust, and is a component of 
more than 245 minerals.221 Consequently, arsenic is a common contaminant of metallic ores 
and subterranean-sourced waters. Arsenic enters the environment naturally through volcanic 
processes and weathering of rocks, but the process is greatly accelerated by anthropogenic 
activities such as mining, smelting of arsenic-containing ores, and burning of fossil fuels. 
Industrial arsenic use also contributes to arsenic distribution. Arsenic salts have been widely 
used as pesticides and herbicides, which are released into the environment. Fortunately, such 
applications are being phased out in most parts of the world. 222 Other industrial uses of ar-
senic include glass-making, electronics, ceramics, fireworks, textiles, tanning, cosmetics, 
metallurgy, and veterinary medicine. 
Environmental arsenic is present in numerous forms which are distributed throughout the 
atmosphere, the water, the soil and sediments, and the biosphere. The most mobile species 
are tllOse which are volatile orwater':solnble. Volatile arsenic species include arsine (AsH3) 
and organo-substituted arsines (AsR3). 'Water soluble species largely comprise soluble in-
organic arsenites and arsenates, along with a variety of organo-arsenic moieties, the most 
common of which are monomethylarsonicacid(MMA)and dimethlyarsenic acid (DMA).223 
Each of these species, shown overpage, has a different toxicity towards humans. 
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Inorganic As v and AsIIl have different mechanisms of action in the body. Arsenate (As v) 
behaves very much like phosphate, and can substitute for phosphate in normal cell reactions, 
thus interfering with cell function. Arsenite (AsIlI) binds readily to thiol groups in proteins 
and because of this, inactivates many enzymes. 192 In contrast to inorganic arsenite and arsen-
ate, neither MMA no DMA bind strongly to biological molecules in humans. Hence, their 
relative acute toxicity is less than that of the inorganic forms. In general, inorganic AsIlI is 
considered to be ten times more toxic than As v, which in tum is considerably more toxic than 
MMA, DMA or other minor arsenic species.224 
In water, arsenic is largely found as inorganic arsenate with smaller quantities of arsenite. 
The ratio of arsenate to arsenic can vary. In aerated water, especially at high pH, arsenite 
tends to be oxidised to arsenate. At low pH,the reverse can occur, where arsenate is reduced 
to arsenite. The organoarsenic species such as MMA and DMA usually constitute only a 
small percentage of the total arsenic present. 224 It can be seen that while AsIII is by far the 
most toxic species present in waters, it usually only constitutes a fraction of the total arsenic 
content. Con'espondingly, total arsenic concentrations are not reliable measures of toxicity. 
For analysis of environmental samples, it is common practice to determine total inorganic ar-
senic, and ideally, arsenite concentrations. The minor organoarsenic species, which are of 
lower toxicity, are often not measured. 
8.1.2 Arsenic Analysis 
The methods that can be used to measure arsenic and its species in the environment are re-
stricted by the low concentrations of interest-typically in the ppb-ppm region. The methods 
which are useful at these concentrations include neutron activation analysis (NAA),* mass 
spectrometry, electrochemical, and atomic absorption and emission. Of these, the most popu-
lar methods have been based on atomic absorption, particularly when coupled with hydride 
generation and trapping systems, although a number of voltammetric protocols have been 
reported. Mass spectrometry is becoming increasingly important, as developments in sample 
introduction, particularly electrospray and ICP, have provided ways of interfacing separation 
methods such as HPLC with mass spectrometric analysers. 
* See Section 1.4 for a discussion ofthe relative attributes of neutron activation analysis. 
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8.1.2.1 Electrochemical Methods 
Inorganic arsenic can be detennined by several electrochemical methods. Arsenate is usually 
found to be inactive although its standard reduction potentials are not extreme, consequently, 
electrochemical methods generally measure only the more toxic arsenite species. 
Determination of arsenate by electrochemical methods usually requires a chemical pre-
reduction step. Reduction potentials for selected inorganic arsenic species that occur in acidic 
media are given below. A complete list is given by Tomilov and Chomitov.225 
H2As04- + 3H+ + 2e-~ HAs02 + 2H20 
HAs02 + 3H+ + 3e-~ As(s) + 2H20 
As(s) + 3H+ + 3e-~ AsH3(g) 
+0.666 V 
+0.248V 
-0.24V 
Anodic stripping voitanmletry using a gold electrode has been successfully used to measure 
arsenite with detection limits as low as 0.02 ppb.226 Davis et aL227 and Hamilton et aI,228 also 
used gold electrode ASV protocols, but included pre-analysis reduction steps in order to de-
termine total arsenic. However, these methods can suffer from problems related to poor re-
producibility of, and ready damage to, the gold electrode surface.229 
Cathodic stripping voltammetry at the HMDE has been used to determine arsenite,230 but 
interferences from copper (signal enhancement) necessitates removal of copper (by solvent 
extraction). An altemative approach has been to mask the copper interference by spiking 
samples with high concentrations of copper.231 This is a particularly sensitive method, with 
detection limits in the sub-nanomolar region.232,233 Total inorganic arsenic can also be deter-
mined by using a pre-reduction step.232,234 The most apparent disadvantage of this method 
stems from the high concentrations of copper required (stock solutions ~50 ppm), which are 
ul1desirable when the analysis area or instrumentation may also be used for trace copper 
determination. 
Adsorptive stripping voltammetry has also been used for arsenic determination. Zima and 
van den Berg229 used adsorption of an arsenite pyrrolidine dithiocarbamate complex onto the 
HMDE to detClmine arsenic in seawater. The detection limit of the technique was 0.2 ppb. 
However, the method was susceptible to interferences, particularly from copper, at levels 
lower than those frequently encOlUltered in fresh waters. 
8.1.2.2 Atomic Absorption 
Direct determination of arsenic can be accomplished by ETAAS. However, the technique is 
insensitive to speciation and thus measures only total arsenic. The volatility of arsenic and its 
compounds is also a problem in ETAAS analysis. For an unmodified pyro-coated graphite 
fumace, the maximum pyrolysis temperature for AsIII determination has been reported to be 
as low as 300 oC190, while arsenobetaine is volatilised above 200 °C.1l5 Despite the volatility 
of arsenic and its compounds, high-temperature pyrolysis is considered necessary to remove 
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or decrease atomisation interferences arising from phosphate,170 aluminium, sodium, potass-
ium, and sulphate 1 16 in samples. Consequently, chemical modifiers which reduce analyte 
volatility are essential for arsenic determination. Three of the most popular modifiers for this 
purpose are nickel, palladium, and tungsten which can raise the maximum AsIII pyrolysis 
temperature to l300 °C,153 1100-1400 °C,235 and 1600 °Cl1 5 respectively. 
Even when chemical modifiers are used, different sensitivities are observed for various ar-
senic species. Slaveykova et al. 115 compared the relative sensitivities for six arsenic species 
while using five different tungsten and palladium-based modifiers. The modification that 
produced the most consistent characteristic masses for each species was a palladium nitrate 
modifier in a tungsten-treated furnacl:). This modification gave characteristic masses of 
20± 1 pg for AsIII, Asv, MMA, DMA, and arsenobetaine, with a characteristic mass of29 pg 
for arsenocholine. The least favourable results were obtained when using an unmodified 
pyro-coated furnace, where characteristic masses ranged from 35 pg for Asv, to 72 pg for ar-
senocholine. The varying sensitivities reflect differences in the thermal stabilities, 
interactions with the modifiers, and atomisation mechanisms for each species. 
In addition to thermal instability and interference problems, direct arsenic determination by 
ET AAS is further complicated by the relatively high detection limit of the technique. This is 
largely due to the analytical wavelength used for arsenic determination-l 93 .7 run. Hollow 
cathode lamps have a low output at this wavelength; a problem exacerbated by lens, mirror, 
and air absorption in the vacuum UV range. Further, many photomultipliers perform poorly 
below 200 11111. 3 These problems are largely overcome by using high intensity EDL sources 
which, through improved signal-to-noise ratios, provide detection limits an order of magni-
tude lower. 3 
8.1.2.3 Hydride-Generation Methods 
Three of the problems encountered in ETAAS-low sensitivity, poor thermal stability, and 
lack of species fractionation capability-can be diminished or removed through the use of 
hydride generation teclmiques. Such protocols involve reducing the analyte to its correspond-
ing hydride, which is then thermally decomposed prior to atomic absorption detection. The 
hydride is usually produced by reacting the sample with sodium borohydride under acidic 
conditions. The primary advantage of hydride generation is that it allows pre-concentration of 
the sample, which may be effected in two ways. The traditional approach to hydride genera-
tion uses a 'batch' method, in which the sample is reacted with sodium borohydride in a 
closed vessel. The evolved hydride is then directed towards the atomisation cell. This app-
roach allows reduction of analyte from a large volume of sample (50-100 mL) at one time, 
producing a considerable increase in sensitivity over direct ETAAS determination. 
Alternatively, modern hydride generation systems frequently use a continuous flow reaction 
method. In both systems, the resulting arsine species can be collected and pre-concentrated in 
a cryogenic trap prior to atomisation.236,237 
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There are chemical problems associated with hydride generation. Foremost of these is the 
different sensitivity often observed for arsenate and arsenite. This is because As v and AsIII 
react with sodilUTI borohydride at different rates. To circumvent this problem, an additional 
reductant (potassium iodide238 or L-cysteine239) is frequently added to reduce As v to AsIII 
prior to the borohydride reaction. The borohydride reduction is also prone to interferences 
fi'om other semi-metals,240 and from various transition metals.241 Some workers have att-
empted to counter these interferences by using electrochemical hydride generation. 241-243 
However, because only AsIII is electro active, a chemical pre-reduction step is required to con-
vert inorganic As v to ASIII. 244 
The thermal decomposition and detection of volatile arsenic-hydride species can be 
accomplished by several AAS methods. The output from the hydride generator can simply be 
directed into a flame, but sensitivity is limited because of strong absorption by the flame at 
the analytical wavelength. This problem is addressed by the use of a heated quartz cell, in 
which sensitivity is further enhanced by the increased residence-time of analyte atoms in the 
light-path. The qUal1z cell is a very popular method of atomising hydrides, particularly when 
the hydride is produced by the 'batch' method. However, for continuous flow generation 
which may require a post-production hydride concentration step, in-situ trapping within the 
graphite furnace is becoming increasingly popular. 
In this technique, the hydride is acclUllUlated on the inner surface of the graphite fumace and 
then atomised using a conventional ETAAS heating protocol. The etliciency of the acc-
lUTIulation step is greatly enhanced by coating the inside of the fumace with a noble metal 
modifier. 176 The use of a noble metal modifier also decreases the temperature required for 
analyte trapping. For example, a temperature of 780 K is required to trap AsH3 on graphite, 
but this temperature is lowered to 470 K for trapping on palladium. 176 There is evidence that 
this is a consequence of catalytic hydride dissociation on the noble metal surface. 126, 176 
In addition to acting as a trapping agent, the noble metal thermally stabilises the analyte. This 
leads to well defined atomisation-time profiles, and hence improved sensitivity. In-situ hydr-
ide pre-concentration is particularly useful for hydrides produced by continuous flow methods 
because it obviates the need for cryogenic trapping. The techniquc can be used to determine a 
number elements including lead, 160 cadmimn,130,245 bismuth, 129, tin,131,246 germanimn1l8 and 
selenium.134 An extension of this technique, uses the in-furnace pre-concentration step fol-
lowed by volatilisation as a means of sample introduction for ICP-MS analysis. This method 
Call be used to simultaneously determine multiple elements. 166,247,248 
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8.1.2.4 Fractionation of Arsenic Species 
Methods which measure arsenic speciation fall into two broad categories. In the first, only 
inorganic arsenic species are of interest. Quantitation of the two main species, arsenite and 
arsenate, usually relies on a protocol that is specific for arsenite-which is determined in the 
first step of the analysis. A chemical reductant is then used to convert arsenate to arsenite. A 
repeat analysis gives the total inorganic arsenic content, following which the arsenate concen-
tration can be calculated by difference. Methods of this type can use electrochemical detec-
tion, in which case selectivity is afforded by the electrochemically inert behaviour of the arse-
nate, or they may use hydride generation atomic absorption analysis, in which case selectivity 
is achieved by careful control of the conditions used to generate the hydride. Sodium boro-
hydride reduces arsenite to arsine at pH values below 5.0. However, complete reduction of 
arsenate requires strongly acidic conditions (pH :s; 0) or the presence of a further reductant 
such as potassium iodide or L-cysteine.249 Thus, by varying the pH andlor the reductant used, 
it is possible to determine arsenite only, or total inorganic arsenic. 
In the second category of arsenic speciation methods, both organic and inorganic species are 
of interest. Methods used for such studies fall into two sub-groups. In the first, the arsenic 
species are separated by HPLC or ion chromatography and then determined by quartz furnace 
hydride generation AAS. A post-column photolysis step can be used to decompose species 
such as arsenocholine which do not ordinarily form volatile hydrides when reacted with 
sodium borohydride.25o The sensitivity of such methods is limited by the amount of sample 
that can be loaded onto the chromatographic column. For example, for a 500 JlL sample size, 
Zhang et al. 251 achieved detection limits ranging from 0.44 ppb for Asv to 0.92 ppb for 
MMA. 
Lower detection limits can be achieved by the second approach to organo-arsenic fractiona-
tion, which relies on the differing volatilities of the various arsenic hydrides. In this protocol, 
arsenic species are reduced to their respective hydrides, which are then collected in a cryo-
genic trap. The trap is then heated slowly and the hydride species are sequentially volatilised 
and quantified by quartz furnace AAS. To differentiate AsIII and As v which produce the 
same hydride (AsH3), pH-selective hydride generation is used; AsIII is determined at pH 
ca. 5.0, and the total AslII and As v is determined at pH ca. _0.5.237,252 Equal sensitivity for 
various arsenic species can be achieved by careful pH control253 and the use of a further 
reductant such as L-cysteine.236 Sample volumes for this technique can be considerably 
larger than for the HPLC-based protocols. In conjunction with the pre-concentration step 
afforded by the cryogenic trap, extremely low detection limits can be attained. For example, 
Van Cleuvenbergen et al.254 achieved detection limits in the range 0.002-0.0038 ppb for the 
detel1llination of five organic and inorganic arsenic species in environmental water samples. 
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8.1.3 In This Chapter: 
The remainder of this chapter is divided into four experimental sections and one discussion 
section. Section 8.2 describes development of an ED-ETAAS protocol for AsIII determina-
tion. 'fhe various parameters affecting electrodeposition of ASIII were examined. These 
included the deposition temperature and duration, as well as the deposition efficiencies for 
different media. The optimum pyrolysis temperature and the sensitivity of the method were 
then determined. 
In Section 8.3 the ED-ETAAS protocol is extended to fractionation of arsenic species. The 
effects of the deposition medium and potential were examined and the method was then used 
to determine arsenite and arsenate concentrations in synthetic samples. 
In section 804, arsenic fractionation protocols from the literature are experimentally evaluated 
as comparators for the ED-ETAAS method. The chosen method (hydride generation-
ETAAS) was then used to validate ED-ETAAS results for environmental waters (Section 
8.5). of the results sections is discussed in Section 8.6. 
As for other chapters within this thesis, the experiments described in this section were per-
formed over a period of months. Absolute sensitivity was variable over this period according 
to the age of the fumaces and the hollow cathode lamp used. Thus while trends can be 
observed across experiments, absolute absorbances should only be compared within a single 
experimental data set. 
8.2 DETERMINATION OF ARSENITE BYED-ETAAS 
8.2.1 Experimental and Results 
For all experiments in this section where palladium modifier was used, unless otherwise 
stated, the palladium was deposited byelectrolysing 40 ilL of 10 ppm palladium/O.l % RN03 
for 20 seconds. The electrolysis was effected at the same potential as used for the 
corresponding arsenite deposition. For experiments where the arsenic deposition potential 
was varied, palladium was deposited at an applied potential of 2,0 V. All electrolyses were 
effected at 45°C, with the inert gas flow switched on. 
Unless otherwise stated, arsenite and arsenate solutions were prepared as described in Section 
A. Arsenate stock was prepared by dissolving Na2HAs04 in 1 % RN03. Arsenite stock 
solution was prepared by dissolving AS203 in 2.0 M potassium hydroxide solution and acidi-
with 1.0% H2S04. As work progressed, additional reagents were used to stabilise 
arsenite (hydmzine sulphate) and to remove traces of arsenate from arsenite stock solutions 
(L-cysteine ). 
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8.2.1.1 Effect of Deposition Time and Acidity of the Deposition Medium 
The effect of deposition time was examined by comparing the absorbances obtained for 
arsenite samples electrolysed for varying lengths of time. Three different concentrations of 
nitric acid were used for the deposition medium. 
50 ppb arsenite samples were prepared in 0.05%, 0.55% and 1.05% nitric acid. 0.1 mM 
hydrazine sulphate was added as a stabiliser, to prevent oxidation of arsenite to arsenate. 
30 ~L sample aliquots were electro lysed in a palladium-modified furnace for varying dura-
tions (l0-100 seconds). The deposits were then rinsed twice with 35 ~L and then 40 ~L of 
water, pyrolysed at 600°C, and atomised at 2400 DC. Deposition was effected at 1.9 V. The 
results are shown in Figure 8.1. 
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Figure 8.1 The effect of acidity and deposition time for ED-ETAAS analysis of 50 ppb arsenite samples. 
Samples were prepared in 0.05% HN03 (D) 0.55% HN03 (+) and 1.05% HN03 (0) containing 0.1 mM 
hydrazine sulphate. 30 ilL sample aliquots were electro lysed in a palladium-modified furnace, rinsed twice with 
35 ilL and then 40 ilL of water, pyrolysed at 600°C, and atomised at 2400 °C. Deposition was effected at 
1.9 V. 
8.2.1.2 Deposition Efficiency for ED-ET AAS 
Effect of Hydrazil1e Sulphate 
F or field collection of arsenic-containing samples, it is common practice to add a preservative 
to prevent oxidation of arsenite to arsenate. With a view to future studies of arsenic specia-
tion in natural waters, the effect of adding one such anti-oxidant to the deposition media was 
evaluated. The anti-oxidant chosen for this study was hydrazine sulphate.233 
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Samples containing 50 ppb arsenite were prepared in two different media: 1% HN03, and 
1 % HN03! O.lmM hydrazine sulphate. 20 ilL aliquots of these solutions were electrolysed 
for 60 seconds at 2.0 V, and redeposited for 10 seconds from 0.1 % Hl\T03. The deposits were 
pyrolysed at 600°C and atomised at 2400 DC. 
The mean peak absorbance for the sample prepared in 1 % HN03 was 0.282 (n = 6, 
RSD = 9.2%). For the sample prepared in 1 % HN03!0.lmM hydrazine sulphate, the mean 
peak absorbance was 0.477 (n = 6, RSD = 6.1 %). The mean integrated absorbances were 
respectively: 0.049 (RSD=16%) and 0.092 (RSD=5.1 %). Consequently, samples for all sub-
sequent experiments were prepared in hydrazine-containing media. 
Percentage Deposition of Arsenite From 1% HNOYO.1 mM Hydrazine Sulphate Media 
It was observed that lower sensitivity was observed for ED-ETAAS of arsenite solutions than 
for ET AAS analysis using electrodeposited palladiUlll modifier. In an effort to explain the 
lower sensitivity observed for the electrodeposition method, the deposition efficiency for the 
electrolysis step was examined. 38 ilL samples of 50 ppb arsenite, prepared in 1 % HN03!-
O.lmM hydrazine sulphate, were electrolysed at 1.8 V in a palladium-modified furnace for 
100 seconds. The spent deposition mediUlll was then collected and analysed by conventional 
ETAAS with an electrodeposited palladium modifier. 
The concentration of arsenic in the spent deposition medium was determined to be 
ca. 14.5 ppb. This result was then corrected for the sample-concentrating effects of sample 
evaporation during the electrolysis (raised temperature and inert gas flow). This correction 
was accomplished by weighing the collected deposition medium and comparing the average 
mass of samples electrolysed for 100 seconds with that for samples which were electrolysed 
for one second.* The average mass of the spent "100 second" medium was 20.9 mg (n = 8, 
RSD = 7.6%), whereas the average mass for the "1.0 second" medium was 38.7 mg (n = 5, 
RSD = 1.9%). Thus, taking this concentration factor of 1.85 into account the arsenic concen-
tration in the unevaporated deposition mediUlll was ca. 7.8 ppb. This corresponds to a deposi-
tion efficiency of 84%. 
Effect of L-Cysteine 
It was hypothesised that the less-than-quantitative deposition from 1 % HN03!0.lmM hydra-
zine sulphate medium was caused by the presence of electro-inactive arsenic species 
-presumably arsenate-in the arsenite standards. In order to test this theory and obtain 
arsenate-free standards, a reducing agent was added to the sample deposition medium. 
L-cysteine was chosen for this purpose because it is known to reduce As V to Aslll,255,256 and 
was considered unlikely to cause interferences during ETAAS analysis. 
* This protocol was designed to account for spent sample medium that was not recovered by the autos ampler 
probe. The same amount of sample medium remaining in the furnace after aspiration should be approximately 
the same for both l.0 and 100 second depositions. 
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Two 50 ppb arsenate standards were prepared in 1 % HN03/0.1 mM hydrazine sulphate, with 
one also containing 1 % L-cysteine. These were analysed by ED-ETAAS, and by conventional 
ETAAS with an electrodeposited palladium modifier. Experimental conditions were as for 
the preceding expedment. Samples were prepared from fresh stock solutions. The results are 
shown in Table 8.1 
Sample medium Conventional ETAAS with ED-ETAAS 
palladium modifier 
1% HN03 0.515 RSD=6.7% 0.492 RSD =4.4% 
(0.122 RSD=6.3%) (0.108 RSD=6.4%) 
1 % HN 03/ 1 % L-cysteine 0.551 RSD=4.7% 0.619 RSD =4.3% 
(0.111 RSD 12%) (0.133 RSD= 5.3%) 
Table 8.1 Relative peak and (integrated) absorbances for analysis of 20 ilL of 50 ppb arsenate, prepared in 
1% HN03 and 1% HN03,11% L-cysteine. Samples were analysed by ED-ETAAS, and by ETAAS with an elec-
trodeposited palladium modifier (n=4). Electrodeposition was effected at 1.8 V, for 60 seconds. 
Percentage Deposition of Arsenite From 1 % L-Cysteine Media 
The efficiency of arsenite deposition from a 50 ppb solution, prepared in 1 % HN03/1 % 
L-cysteine/O.1mM hydrazine sulphate, was determined in the same way as previously desc-
ribed for the 1% HN03/0.1 mM hydrazine sulphate medium. The concentration of arsenite in 
the spent deposition medium was below the detection limit of the analysis protocol used (Le. 
ET AAS with electrodeposited palladium modifier). The detection limit for this particular 
experiment, estimated from blank measurements (n=3), was ca. 5 ppb. Therefore it follows 
that arsenite deposition from 1 % HN03/1% L-cysteine is ;:: 90% efficient. 
8.2.1.3 The Source of Electro-inactive Arsenic 
Contamination of Stock Solutions 
The possibility that stock arsenite solutions were contaminated with arsenate was investi-
gated. This was achieved by analysing the stock arsenite solutions for arsenate. The method 
used for this purpose was the FIA method of Linares et al. 257 This method is based on the 
f0fl11ation of arsenate-Mo042- heteropoly acids under acidic conditions. Reduction of these 
species produces an intensely coloured Mo v complex which is detected at 820 nm using a 
spectrophotometer. 
Fresh stock solutions of arsenite and arsenate were prepared at a concentration of 100 ppm. 
These solutions were prepared in media of almost neutral pH because strong acidity interfered 
with the analysis. The stock arsenate solution was prepared in water and diluted to produce a 
series of standards ranging from 0.4 to 2.0 ppm. These standards were used to produce the 
calibration curve shown in Figure 8.2. Arsenite stock solution was prepared by dissolving 
solid AS203 in 0.5 mL KOH, diluting with water, and neutralising with 31 ~L of (conc) 
HN03' This stock was then diluted to produce a working standard of2.0 ppm. FIA analysis 
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of this solution showed that the arsenate concentration was below the detection limit of the 
technique, which was estimated to be ca. 0.04 ppm arsenate. Thus, less than 2% of the 
arsenic in the arsenite standard was present as arsenate. 
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Figure 8.2 Calibration curve for the determination of arsenate by the FIA method of Linares et al. 257 
Ill-situ Arsenate Generation 
The possibility that arsenate was being produced by in-situ oxidation of arsenite at the anode 
was investigated. This was done by analysing the spent sample deposition medium for total 
arsenic, and electro-inactive arsenic. 
A working standard containing 100 ppb arsenite was prepared in 1 % HN03/0.1 ruM hydra-
zine sulphate, from a freshly prepared stock solution. * 20 ~L aliquots of this standard were 
electrolysed for 100 seconds in a palladium-modified furnace at 1.8 V, 45°C, with the inert 
gas on. After electrolysis, the spent solution was collected in a vial, and used to prepare two 
sub-samples-one diluted 50% with water, the other diluted 50% with 1 % L-cysteine. These 
were then analysed by ED-ETAAS using the following protocol: 20 ~L of sample was elec-
trolysed at 1.8 V in a palladium-modified furnace for 100 seconds. The resulting deposit was 
rinsed with 30 ~L of water for 40 seconds, and then rinsed with 35 ~L of water for 40 sec-
onds. 
* The 1 ppm arsenite stock solution was prepared as described in Section 2.5.4, but with the addition of 0.5% 
L-cysteine. This was used to reduce any arsenate in the solution to arsenite. It was independently verified 
(results not shown) that the L-cysteine concentration in working solutions prepared by twenty-fold dilution of 
this stock (0.005%) was insufficient to reduce any residual arsenate present in the spent deposition medium. 
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The results showed no detectable arsenic in the sample that was prepared in water. However, 
for the sample that was prepared in 0.5% L-cysteine, a mean peale absorbance of 0.217 (n= 3, 
RSD = 5.8%) was recorded (a mean integrated absorbance of 0.041; RSD = 15.2%). (This 
was not calibrated against a standard solution at the time. However, absorbances of this 
magnitude usually correspond to arsenite concentrations of ca. 14-20 ppb.) 
8.2.1.4 Analyte Stabilisation 
Effect of Palladium 
The thennally stabilising effects of the palladium modifier were evaluated by comparing ab-
sorbance-time profiles in the presence and absence of the modifier. Platform atomisation was 
used for this experiment because results, in the absence of palladium, were irreproducible 
when wall atomisation was used. When palladium was used, the platform was modified with 
palladium in sanle way as for furnace-wall modification, except that the modifier volume was 
decreased fl:om 40 ilL to 20 ilL because ofthe platform's small sample cavity. 
20 }tL aliquots of 50 ppb arsenite, prepared in 1 % HN03, were conventionally (thermally) 
deposited onto a pyrolytic-coated graphite platfonn, dried to 150 DC, pyrolysed at 600 DC, and 
atomised at 2400 DC. * The experiment was repeated using a palladium-modified platform. 
The results are shown in Figure 8.3. The double peale, observed for atomisation in the 
absence of palladium, became a single peak when pyrolysis temperatures above 600 DC were 
used; the low temperature component (left-hand shoulder) disappeared leaving only the 
higher-temperature component (right-hand shoulder). Absorbance-time profiles for electro-
deposited arsenite on a palladium-modified platform (not shown), were the same as for the 
thermally deposited arsenite in the presence of palladium (Figure 8.3) except that the absolute 
sensitivity was diminished. 
Pyrolysis Curves 
Pyrolysis curves for arsenic deposited on palladium were examined in order to optimise the 
pyrolysis temperatme used in the analysis protocol. The thermal stabilities of conventionally 
deposited, and electrodeposited arsenic were compared. 
Arsenic was deposited thennally and by electrodeposition, onto a palladium modified furnace 
from 20 ilL of 50 ppb arsenite prepared in 1.0% HN03. Electrodeposition was carried out for 
60 seconds, at 3.0 V. The sample deposits were pyrolysed at temperatures ranging from 
400 DC to 1550 DC, and atomised at 2400 DC. The results are shown in Figure 8.4. 
* Actual temperatures on the surface of the platform would have been lower due to the cooling effect of the inert 
gas flow during pyrolysis and the poor thermal conductivity between the platform and furnace. 
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Figure 8.3. Absorbance-time profiles for arsenite atomisation in the presence (_) and absence (_) of elec-
trodeposited palladium modifier. 20 ilL aliquots of 50 ppb arsenite, prepared in 1 % HN03, were conventionally 
(thermally) deposited onto a pyrolytic-coated graphite platform, dried to 150°C, pyrolysed at 600°C, and atom-
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Figure 8.4 Effect of pyrolysis temperature on absorbance for arsenic electrodeposited (0) and conventionally 
deposited (.) onto a palladium-modified furnace. Samples were deposited from 20 ilL of 50 ppb arsenite pre-
pared in 1.0% HN03, and atomised at 2400 DC. E1ectrodeposition was effected for 60 second,>, at 3.0 V. 
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Absorbance-time Profiles 
The absorbance-time profiles for arsenic determination by ETAAS and ED-ETAAS were 
compared. A 20 ilL sample of 100 ppb arsenite, prepared in 1 % RN03 11% L-cysteine was 
analysed by ETAAS with electrodeposited palladium modifier, and by ED-ETAAS. For ED-
ETAAS, the sample was electrolysed in a palladium modified furnace for 100 seconds at 
2.0 V. For both protocols, samples were pyrolysed at 500 DC, and atomised at 2400 DC using 
a 633 DC s-l temperature ramping rate. The results are shown in Figure 8.5. 
8.2.1.5 Sensitivity and Detection Limits 
The detection limits for ED-ETAAS measurement of arsenite were determined. The effects 
of deposition medium (1 % RN03 vs. 1 % L-cysteine/1 % rIl"J03) and mode of absorbance 
measurement (peak vs integrated absorbance) were evaluated. 
A fresh 100 ppm arsenate stock was prepared in 1% H2S04/O.5% L-cysteine, and allowed to 
stand overnight. Duplicate 4 ppb samples were prepared by dilution of this stock; two in 
1%HN03/0.1 mM hydrazine sulphate, and two in 1% L-cysteinel1%HN03/0.1 mM hydra-
zine sulphate. 39 ilL aliquots (calibrated by mass) of these samples were electrolysed in a 
palladium-modified furnace for 60 seconds. The resulting deposit was rinsed once with 
40 ilL of water for 10 seconds, pyrolysed at 500 DC, and atomised at 2400 DC. Electrolysis 
conditions were: 2.0 V, 45 DC, with ineli gas on. Eight replicate measurements were made for 
each duplicate sample. ie. 16 measurements for each sample medium. The results are shown 
in Table 8.2. 
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Figure 8.5 Absorbance-time profiles for determination of2 ng arsenite by ED-ETAAS and by ETAAS with 
electrodeposited palladium modifier. Samples were prepared in 1% HN03 /1% L-cysteine. For ED-ETAAS, 
the sample was electrolysed at 2.0 V for 100 seconds. For both protocols, samples were pyrolysed at 500°C, 
and atomised at 2400 °C using a 633°C 5.1 temperature ramping rate. 
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1 % Hl'J03 / 1 % Hl'J03 /0.1 ruM hydrazine 
0.1 ruM hydrazine sulphate sulphate / 1 % L-cysteine 
Characteristic mass 16) 7.5 pg (67 pg) 6.6pg (52pg) 
Detection Limit (20, n = 16) 0.58 ppb (3.37 ppb) 1.32 ppb (3.1 ppb) 
Table 8.2 Characteristic masses and detection limits for arsenite deposited from 39 ilL aliquots of two different 
media, as determined using peak and (integrated) absorbances 
8.2.1.6 Comparison of ETA AS and ED-ETAAS 
To compare the relative sensitivities of arsenite determination by ETAAS and ED-ETAAS, 
calibration curves for arsenite determination were prepared for conventional ETAAS, and for 
ED-ETAAS. For both protocols, a pyrolytic-coated graphite furnace platform modified with 
electrodeposited palladium was used. Arsenate standards ranging from 10 to 140 ppb were 
prepared in appropriate media for each method: 1% HN03 for ETAAS, and 
1 % Hl'J03/1 % L-cysteine for ED-ETAAS. 27 f.LL samples w~re used for each measurement. 
For the ED-ETAAS protocol, sample deposition was effected at 2.5 V. For both protocols, 
samples were pyrolysed at 700 DC and atomised at 2400 DC. The results are shown in Figure 
8.6. 
The primary aim of this section was to establish an ED-ETAAS protocol that would allow 
separate detennination of arsenite and arsenate in samples that contained both species. The 
strategy used to achieve this aim was based on the "electro-inactive" nature of arsenate. A 
brief investigation of monomethylarsonic acid determination was also conducted. 
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Figure 8.6 Calibration curves for arsenite determination using peak absorbance (a) and integrated absorbance 
(b) ETAAS with palladium modifier (D), and ED-ETAAS with palladium modifier (.). Samples for ETAAS 
were prepared in 1% RN03 whereas samples for ED-ETAAS were prepared in 1% RN0311 % L-cysteine. 
Arsenic was deposited onto a palladium-modified platform from 27 flL sample aliquots. For electrodeposition, 
samples were electrolysed for 60 seconds at 2.5 V. For both protocols, samples were pyrolysed at 700°C and 
atomised at 2400 DC. 
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8.3 FRACTIONATION OF ARSENIC SPECIES BY ED-ETAAS 
8.3.1 Determination of Arsenate 
8.3.1.1 Effect of the Deposition Potential 
20 ~L aliquots of 50 ppb As v and AsIII, prepared in 1% RN03, were electrolysed in a palla-
dium-modified furnace for 60 seconds. Electrolysis was effected at 45 °e, with inert gas on, 
using deposition potentials in the range 0.0-4.5 V. The deposits were pyrolysed at 600 °e, 
and atomised at 2400 °e. The results are shown in Figure 8.7. 
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Figure 8.7 The effect of electrolysis potential on the deposition of 50 ppb arsenate (.) and arsenite (D) solu-
tions prepared in 1% HN03. 20 ilL samples were electro lysed in a palladium-modified furnace for 60 seconds. 
The deposits were pyrolysed at 600°C, and atomised at 2400 °C. 
8.3.1.2 Effect of L-Cysteine 
The relative sensitivities for ED-ETAAS determination of arsenate and arsenite were com-
pared, in the presence and absence of 1 % L-cysteine. 
Duplicate 50 ppb solutions of arsenite, and arsenate were prepared, both in 1% RN03, and in 
1 % HN03/1 % L-cysteine media. 20 ~L aliquots of these samples were electrolysed in a 
palladium-modified furnace at 2.0 V, 45 °e, with the inert gas on. The deposits were pyro-
lysed at 600 °e and atomised at 2400 0c, The results are shown in Table 8.3. For the 
L-cysteine-based medium, it was shown (using a t-test, with P= 0.01) that the absorbances for 
arsenite and arsenate were not significantly different. 
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1 % RND3 medium: peak and 1 % RND3/1 (% L-cysteine medium: peak 
(integrated) absorbances (n = 6) and (integrated) absorbances (n= 6) 
Arsenite 00408, RSD 7.03% 0.588, RSD 5.9% 
(0.076, RSD 4.3%) (0.119, RSD 8.8%) 
Arsenate 0.045, RSD 17.3% 0.602, RSD 5.2% 
(V. 014, RSD=56%) (0.122, RSD 5.45%) 
Table 8.3 Relative absorbances for ED-ETAAS determination of arsenate and arsenite in the presence and 
absence of L-cysteine a deposition potential of 2.0 V. 
8.3.2 Determination of MMA 
The determination of MMA by ED-ET AAS was examined, and the sensitivity compared with 
that for arsenate and arsenite. The effect of the deposition potential was evaluated to 
detennine whether MMA could be selectively determined in the presence of inorganic arsenic 
species. 
8.3.2.1 Effect of Deposition Potential 
Two 25 ppb solutions of MMA were prepared: one in 1 % RND3 and one in 1 % HND3 / 
1 % L-cysteine. 20 ilL samples were electrolysed for 60 seconds at a range of potentials on a 
palladium-modified furnace platfonn. The deposits were pyrolysed at 700°C and atomised at 
2400 °C. The results are shown in Figure 8.8. 
8.3.2.2 Relative Sensitivity for AslII and MMA 
The relative absorbances for solutions containing AsIII and MMA were compared. Samples 
containing 50 ppb arsenite/25 ppb MMA* were prepared in both 1% lIND3 and 
1 % RND3/L-cysteine media. All samples were prepared in triplicate. 20 ilL aliquots were 
then analysed by ED-ETAAS and by ETAAS .with electrodeposited palladium modifier. 
Three replicate measurements were made for each sample ie. a total of nine measurements for 
each analyte/sample medium combination. 
For ED-ETAAS analysis, samples were electrolysed for 60 seconds in a palladium-modified 
furnace at 1.9 V. The deposits were then rinsed with 36 ilL of water for 5.0 seconds. For 
both ED-ETAAS and conventional protocols, samples were pyrolysed at 500°C and atomised 
at 2400 °C. The results are shown in Table 804. Absorbances for MMA have been normal-
ised to compensate for the lower concentration of the MMA standard. cIbis assumes a linear 
calibration curve in the range 25-50 ppb. 
* The different concentrations used here were due to an impure MMA sample, the stoichiometry of which, was 
not known until after this experiment was performed (see Section 2.5.4). 
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Figure 8.8 The effect of deposition potential on absorbance for ED-ET AAS analysis of 0.53 pg of MMA, pre-
pared in 1 % RN03 ) and 1% RN03 / 1 % L-cysteine (0). 20 J..lL samples were electrolysed for 60 seconds at 
a range of potentials on a palladium-modified furnace platform. The deposits were pyrolysed at 700°C and 
atomised at 2400 DC. 
ED-ETAAS ETAAS 
1 % HN03 medium 1 % L-cysteinel 1 % lIN03 medium 
1 % HNOlmedium 
AslII 0.312 RSD=5.7% 0.367 RSD = 7.4% 0.419 RSD=3.7% 
(0.077 RSD= 10.9%) (0.087 RSD= 7.1%) (0.101 RSD= 3.3%) 
MMA 0.043 RSD 14.0% 0.359 RSD =:= 11.1 % .Q,434 RSD 4.2% 
(0.009 RSD ]98%) (0.086 RSD= 13%) (0.101 RSD= 6.9%) 
Table 8.4 Comparison of mean peak and (integrated) absorbances for analysis of AsIII and MMA. For ED-
ET AAS analysis, samples were electrolysed for 60 seconds in a palladium-modified furnace at 1.9 V. The 
deposits were then rinsed with 35 J..lL of water for 5.0 seconds. For both ED-ETAAS and conventional proto-
cols, samples were pyrolysed at 500°C and atomised at 2400 DC. 
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8.3.3 Arsenic Fractionation in Synthetic Samples 
The ED-ET AAS protocol was used. to determine arsenite in a series of synthetic samples 
which contained 50 ppb arsenic, in varying As v / AsIII ratios. The results were compared with 
those for conventional ETAAS analysis (using electrodeposited palladium modifier) of the 
same solutions. 
50ppb solutions containing arsenite or arsenate each were prepared in 1% H2S04/0.l mM 
hydrazine sulphate media. Because the arsenite sample solution contained 0.25 mM 
L-cysteine (from dilution of the pre-reduced arsenite stock solution), the arsenate sample was 
also prepared containing 0.25 mM L-cysteine. 
During analysis, the autosampler was used to prepare constant-volume samples (21.3 ilL) that 
contained varying ratios of the two standard solutions. For ED-ETAAS, the samples were 
electrolysed at 1.8 V in a palladium-modified furnace for 100 seconds, rinsed with 30 ilL of 
water for 40 seconds, then with 40 J.lL of water for 5.0 seconds. For both the ED-ETAAS and 
ETAAS protocols, samples were pyrolysed at 500°C and atomised at 2400 dc. The results 
are shown in Figure 8.9. 
8.4 EVALUATION OF ALTERNATIVE ARSENIC FRACTIONATION 
METHODS 
In order to validate the ED-ET AAS arsenic determination protocol, it was necessary to either 
analyse standard reference materials, or to use an established method as a comparison. A 
standard reference material was unavailable within this department at the time ofthis research 
so a comparative analysis method was sought. Potentially suitable methods (according to the 
equipment available) were selected from the literature. On this basis, three protocols were 
chosen for fmiher evaluation: two electrochemical methods, and one hydride-generation 
method. 
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Figure 8.9 Analysis of 1.06 ng arsenic by ED-ETAAS (D) and ETAAS (0), using solutions containing various 
AsIIIIAs V ratios. Samples prepared in 1 % H2S04/0.1 mM hydrazine sulphate/0.25 mM L-cysteine media. For 
ED-ETAAS, samples were electrolysed in a palladium-modified furnace for 100 seconds, rinsed with 30 ilL of 
water for 40 seconds, then with 40 ilL of water for 5.0 seconds. For both the ED-ETAAS and ETAAS proto-
cols, sampJes were pyrolysed at 500°C and atomised at 2400 DC. 
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8.4.1 CSV in the Presence of Cu2+ 
This cathodic stripping voltammetry method, originally developed by Sadana,231 was used by 
Li and SmaIi233 to determine sub-nanomolar concentrations of arsenite in natural waters. It 
involves reductive accumulation of arsenite on the HMDE, in the presence of 2.0 M 
HClIO.8 mM CuCh, as an intermetallic compound (Equations 8.1 and 8.2). This intermetal-
lie is then reduced to produce an analytical current (Equation 8.3). 
Cu2+ + 2e- --+ Cu(Hg) 
2As3+ + 3Cu(Hg) + 6e- --+ CU3As2 + 
(Equation 8.1) 
(Equation 8.2) 
(Equation 8.3) 
For this work, the method ofLi aIld Smart233 was followed. A reagent solution that contained 
2.0 M HC1I50 ppm Cu2+ 140 11M hydrazine sulphate was prepared. The solution was purged 
with nitrogen for five minutes, and then analysed to provide a measurement of the reagent 
blank. A range of arsenite concentrations, ranging from 0.0 to 115 ppb, was prepared by 
adding increments of a 1 ppm arsenite standard to the solution. Replicate analyses were made 
in between each addition. 
Analysis involved depositing the arsenite at -0.55 V (vs. Ag/AgCI) for 60 seconds and then 
scamling the potential to -1.075 V (using square-wave). The arsenite reduction peaks were 
measured at -0.91 V vs. Ag/AgCl. The blank-corrected results are shown in Figure 8.10. 
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Figure 8.10 Calibration CUl've for determination of arsenite by CSV. Arsenite prepared in 2.0 M RCI/50 ppm 
Cu2+/40 flM Rydrazine sulphate. Arsenite was deposited at-O.55 V (vs. Ag/AgCl) for 60 seconds. The poten-
tial was then scanned to -1.075 V (using square-wave). Arsenite reduction peaks were measUl'ed at -0.91 V vs. 
Ag/AgCl. 
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8.4.2 CSV in the Presence of PDC 
This protocol which measured arsenite was successfully used by Zima and van den Berg to 
determine total arsenic in seawater (a pre-reduction step was used to convert arsenate to 
arsenite).229 Arsenic was accumulated on the HMDE as As(Hg) by accumulation at -0.3 V 
(vs. Ag/ AgCI). The arsenic was re-oxidised by setting the potential to 0.0 V, forming an 
adsorbed arsenite-pyrrolidine dithiocarbamate (PDC) complex. The potential was then 
scanned to more negative potentials (ca. -0.8 V), reducing the PDC-arsenite complex to 
arsenite. The analytical current from this reduction, at ca. -0.2 V, was shown to be 
proportional to the arsenite concentration. 
In this work, the method was tested by determining arsenite in a surface water from Johns 
Road, near a timber treatment plant (see Section 2.6.0.2). This water was lmown to contain 
ca. 20 ppb arsenite (determined by ED-ETAAS). A sample of Johns Road water was spiked 
with PDC and NaCI to produce a solution containing 1 11M PDC /0.1 M NaCl. The solution 
was purged with nitrogen for five minutes. Arsenic was accumulated at -0.5 V for 300 
seconds. The potential was then scanned from 0.05 to -0.70 V using the square wave 
stripping mode. The peak current was measured at ca. -0.04 V vs. Ag / AgCl. 100 ilL 
standard additions of 1 ppm arsenite were used to quantify the arsenite content. The results 
are shown in Figure 8.11. 
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Figure 8.11 Standard additions plot for detennination of arsenite in Johns Road water by CSV in the presence 
of 1 ~M PDC / 0.1 M NaCI. The solution was purged with nitrogen for five minutes before depositing arsenic at 
-0.5 V for 300 seconds. The potential was then scanned from 0.05 to -0.70 V using the square wave stripping 
mode. The peak current was measured at ca. -0.04 V vs. Ag / AgCI. 
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A similar standard additions plot (Le. with a positive x-intercept) was observed for analysis of 
Devil's Creek water. In an effort to explain the positive x-intercepts of these plots, possible 
interferences, as mentioned by Zima and van den Berg,229 were examined. ETAAS analysis 
of the lolms Road water sample showed that it contained ca. 10 ppb copper. The effect of this 
copper concentration on the CSV analysis was investigated. 
A solution containing 10 ppb arsenite was prepared in 1 % HN 03 10.1 M N aCl/1 J.LM PDC. 
The solution was analysed by the CSV method, spiked with 10 ppb Cu2+, and then analysed 
again. The resulting square-wave stripping voltanmlograms are compared in Figure 8.12. 
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Figure 8.12 The effect of copper on arsenic determination by CSV in the presence of PDC. Square wave strip-
ping voltammograms for arsenite in the presence(-) and absence(-) of 10 ppb Cu2+. The sample solution 
was prepared in 1 % HN03 / 0.1 M NaCl / 1 11M PDC. 
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8.4.3 Hydride-Generation ETAAS 
The next arsenic fractionation method assessed was based on pH-dependent hydride genera-
tion. Reaction of arsenite with sodium borohydride produces arsine at pH values below 5.0, 
whereas arsenate only reacts at a significant rate below pH 2.0.249 Based on this, a protocol 
was designed in which arsenite was reduced by sodium borohydride in acetate buffer (PH 
5.0). The resulting arsine wa') accumulated on the inner surface of a furnace that had been 
modified with electrodeposited palladium, and measured by ET AAS. This technique is refer-
red to as HG-ETAAS. 
Arsine was produced using the GBC HG3000 hydride generator (see Section 2.2.2.6). The 
reductant used was 0.15% (w/v) sodium borohydride solution which contained 0.15% (w/v) 
potassitU11 hydroxide. The pH regulator was ca. 0.5 M acetate buffer, pH 5.0. A 10 ppb arse-
nate standard and a series of arsenite standards ranging from 0.0 to 10 ppb were prepared in 
LO% HN03. Arsine gas produced by the HG3000 was passed into a heated furnace (400°C) 
which had been pre..:modified with palladium. The arsine was collected for 15 seconds. To 
compensate for the time taken by the arsine to pass through the length of the sample 
introduction tube, the HG3000 was started 45 seconds prior to the start of sample accumula-
tion. The sample was then atomised at 2400 0c. Analysis of the standard solutions produced 
the calibration curve shown in Figure 8.13. The response measured for the 10 ppb arsenate 
solution was the same as for the blank. 
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Figure 8.13 Calibration curve for determination of arsenite by pH-selective HG-ETAAS. Arsenite standards 
were prepared in 1% HN03 and reacted with sodium borohyddde at pH 5.0. The resulting arsine was accumu-
lated for 15 seconds 011 a palladium-modified fumace at 400°C and atomised at 2400 °C. 
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8.5 FRACTIONATION OF ARSENIC SPECIES IN NATURAL 
WATERS 
ED-ETAAS was used to detennine arsenite and total arsenic in two natural waters. Thc 
waters uscd werc from Devil's Creek, and Johns Road (see Section 2.6.0.2). Arsenite was 
determined following electrodeposition from 1% RN03. Total arsenic was determined fol-
lowing electrodeposition from 1 % RN03 / 1 % L-cysteine. For comparative analysis, arsenite 
was detemlined by HG-ETAAS with borohydride reduction at pH 5.0. Total arsenic was de-
temlined by ETAAS using an electrodeposited modifier. 
ED-ET.4AS and ETAAS: Samples of Devil's Creek, and Johns Road water were filtered to 
0.025 flm, and prepared in two different media: 1% RN03 /0.1 mM hydrazine sulphate, and 
1 % L-cysteine /1 % RN03 /0.1 mM hydrazine sulphate. 20 flL sample aliquots were analysed 
by ED-ETAAS and by ETAAS. For ED-ETAAS, samples were electrolysed for 100 seconds 
at 1.8 V. The deposits were sequentially rinsed with 30 flL of water for 40 seconds, and 
40 flL of water for 5 seconds. For both ED-ETAAS and ETAAS, samples were pyrolysed at 
500 DC and atomised at 2400 DC. Separate calibration curves were measured for each 
protocol and sample medium. 
HG-ETAAS: Samples of Devil's Creek, and Johns Road water were filtered to 0.025 flm. For 
the Devil's Creek water, which was not acidified, a 5 mL sample was diluted 10-fold to pro-
duce sufficient volume for the analysis. For the acidified Johns Road sample, a similar 10-
fold dilution was pelformed, but with the addition of sufficient potassium hydroxide to raise 
the pH to ca. 3.0. This was so that sample acidity did not interfere with the buffering of the 
pH-selective hydride generation step. The two samples and calibration standards were ana-
lysed using the same protocol described in Section 8.4.3. 
The results of the four different analyses are summarised in Table 8.5. 
Arsenite Total Arsenic 
HG-ETAAS ED-ETAAS ETAAS ED-ETAAS 
Devil's Creek Water nld nld 44. .7ppb 44.7±2.9 ppb 
nld nld (51.9:±3.0 ppb) (42.9:±5.3 ppb) 
Johns Road Water 21±12 ppb 23.1±4.0 ppb 46.2±1.9 ppb 46.8±3.9 ppb 
(23±12ppb) (18.6±7.4 ppb) (52.91:6.2 ppb) (45.2±2.3 ppb) 
Table 8.5 Determination of arsenite and total arsenic in environmental waters. Results are shown for peak and 
(integrated) absorbances. (n/d none detected.) 
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8.6 DISCUSSION 
8.6.1 Arsenite Analysis 
8.6.1.1 Deposition Efficiency 
Figure 8.1 shows the effects of acidity and deposition time on the peak absorbance for arsen-
ite determination by ED-ETAAS. It can be seen that lower acid concentrations produced 
smaller absorbances than for the 1.05 % HN03 medium. For all three media, almost fifty per-
cent of the maximum absorbanee was reached after only 10 seconds. However, unlike the 
metals investigated earlier, the arsenite deposition did not quickly reach a maximum. For all 
three media, the absorbance continued to increase up to the 100 second deposition time. In 
the case of the 1.05% HN03 medium, ca. 90% of the maximum deposition was effected 
within 60 seconds. 
amount of analyte deposition at the 60-second deposition time increased when the 
reducing agent hydrazine sulphate was added to the electrolysis medium (Section 8.2.1.2). 
The mean peak absorbance for a sample prepared in 1 % HN03 increased from 0.280 to 0.477 
in the presence of 0.1 mM hydrazine. 
There are several possible explanations for this result. One is that the deposition kinetics are 
enhanced by the presence of a reducing agent i.e. the rate of ehemieal re-oxidation at the 
cathode is slowed ro-Iative to the rate of electrochemical reduction. Another is that there is a 
proportion of electro-inactive arsenate present in the arsenite standards, which is reduced by 
the hydrazine sulphate. However, a separate experiment (results not shown) indicated that 
arsenate is not redueed by low concentrations of hydrazine. A third possibility is that arsenate 
is produced in-situ during sanlple deposition-either by direct oxidation at the anode, or by 
oxygen which is produced at the anode. In either case, a reducing agent could decrease the 
rate of oxidation: either by decreasing the rate of arsenite oxidation kinetics at the anode, or 
by competitive reduction of oxygen in solution. 
The deposition efficiency for arsenite in the presence of hydrazine sulphate was determined 
by analysis of the spent deposition medium to be ca. 80%. As a result, for analysis of samples 
prepared in 1% HN03 II % hydrazine sulphate media, sensitivity observed for arsenic 
determination by ED-ETAAS was significantly lower than for ETAAS in the presence of 
electrodeposited palladium modifier. 
In an attempt to gain a better understanding of the system and to improve the deposition effi-
ciency, the reducing agent L-cysteine, which is known to reduce arsenate, was added to the 
deposition medium. Table 8.1 shows that the absorbances for ED-ETAAS arsenite determi-
nation were significantly enhanced for the L-cysteine containing media. '[his sensitivity 
enhancement was ca. 25%, for both peale and integrated absorbances. The effect ofL-cysteine 
on the absorbances for conventional ETAAS was not statistically significant. 
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It was shown by analysis of the spent deposition medium, that arsenite deposition from a 
medium containing 1 % L-cysteine /1 % HN03 /0.1 mM hydrazine sulphate was greater than 
90% efficient. Unfortunately, we were unable to demonstrate quantitative deposition because 
of experimental limitations: the ET AAS method used to analyse the spent deposition medium 
was not sufficiently sensitive. However, comparison of the absorbances for ETAAS and ED-
ETAAS shown in Table 8.1 suggests that deposition is quantitative. 
Possible reasons for noi1.:.quantitative deposition in the absence of L-cysteine were investi-
gated. We hypothesised that there was a fraction of electro-inactive arsenic, present or gener-
ated, in the arsenite standards. It was assumed that this electro active arsenic was present as 
arsenate because arsenate is known to be electro-inactive, and to be reduced by L-cysteine. 
Two possible sources of arsenate in the arsenite standards were considered. 
(i) Contamination of the solid AS203, or formation of arsenate during preparation of the 
stock solution; either by atmospheric oxidation at high pH (during dissolution in KOH), 
or subsequent oxidation by the final nitric acid medium. * Either of these processes 
could produce an arsenite-depleted (arsenate-contaminated) stock arsenite solution. 
(ii) In-situ arsenate generation during sample electrodeposition; ie. simultaneous reduction 
of arsenite to arsenic at the cathode, and oxidation of arsenite to arsenate at the anode. 
In this case, the spent deposition medium would be expected to contain a significant 
concentration of arsenate. 
FIA analysis of the arsenite standards (Figure 8.2) showed that in freshly prepru'ed standards, 
less than 2% of the total arsenic content was present as arsenate. This was not considered 
sufficient to produce the effects observed during ED-ETAAS analysis. However, in an effort 
to produce "pure" arsenite solutions, stock solutions were subsequently prepared containing 
0.5% L-cysteine. TIns was used to reduce any arsenate in the solution to arsenite. It was 
independently verified (results not shown) that the L-cysteine concentration in working solu-
tions prepared by twenty-fold dilution ofthls stock (0.005%) was insufficient to reduce arse-
nate. Thus the L-cysteine from dilution of stock solutions did not interfere with speciation 
studies. 
The possibility that arsenate was being produced by in-situ oxidation of arsenite during elec-
trodeposition was investigated. Following arsenic deposition from a solution containing 
100 ppb arselntell (Yo HN03/0.1 mM hydrazine sulphate, the spent electrodeposition medium 
was collected and re-analysed by Em-ETAAS. No electroactive arsenic was detected in the 
analysis, but when 0.5% L-cysteine was added to the sample, a mean peak absorbance of 
0.217 was observed. 111is corresponds to an arsemte concentration of ca. 14-20 ppb (14-20% 
oxidation). 
* To prevent this possibility, the sample medium for preparation of stock arsenite solutions was subsequently 
changed to I % H2S04 
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Thus, for arsenite samples containing negligible quantities of arsenate, a significant concen-
u'ation of arsenate is measured following electro-deposition. Direct oxidation of arsenite at 
the anode andlor chemical oxidation by oxygen produced at the anode could be responsible 
for oxidation of the arsenite solution. 
The consequence of this in-situ oxidation is that sensitivity for arsenite determination is 
decreased unless a reducing agent is added to counteract the oxidation process. In this situa-
tion, the concentration of arsenic determined corresponds to total arsenic rather than just 
arsenite (see Section 8.6.2). 
8.6.1.2 Analyte Stabilisation 
Figure 8.3 shows the effect of palladium on the absorbance-time profile for conventionally 
deposited arsenite. Not only is the profile shifted to a higher temperature in the presence of 
palladium, but the double peak observed in the absence of palladium is eliminated. The peak 
height increases in the presence of palladium, resulting in increased sensitivity for analysis by 
peak absorbance. 
The effect of electrodeposition is shown in Figure 8.4, which compares pyrolysis curves for 
electrodeposited and conventionally deposited arsenite in the presence of palladium. The 
maximum pyrolysis temperatures are similar. However, for the conventionally deposited 
arsenite, the integrated absorbance decreases gradually with increasing pyrolysis temperature, 
up to ca. 1300 °e. In contrast, the integrated absorbance for electrodeposited arsenite 
increases up to a pyrolysis temperature of ca. 1200 °e and then decreases slightly before the 
maximum pyrolysis temperature of ca. 1350 oe. The maximum pyrolysis temperatures with-
out substantial analyte losses were 1300 °e and 1350 °e for thermally deposited and electro-
deposited arsenic respectively. The lower absolute absorbances for the electrodeposited ar-
senite stem from inefficient electrodeposition in the absence of L-cysteine. 
Absorbance-time profiles for arsenite determination by ED-ETAAS and ETAAS with elec-
trodeposited palladium modifier are compared in Figure 8.5. The appearance temperatures 
and peak absorbance temperatures are identical for the electrodeposited and thermally de-
posited samples. The profile for the electrodeposited sample has a higher peale absorbance 
than that for the thermally deposited sample, and also has more pronounced shoulder on the 
left-hand side. However, under normal analytical conditions, using an atomisation tempera-
ture ramp rate of ca. 2000 °e s·l, there is no sign of this shoulder. It may be that it is a result 
of processes that occur only under the conditions used for this experiment; i.e at the slower 
atomisation temperature ramp rate of 630 °e s·l. 
Because of the electrochemical reduction step, electrodeposited arsenic is likely to be present 
in the metallic state, which is then stabilised by the palladium modifier. Two possible mech-
anisms could account for the formation of metallic arsenic. One is that during electrodeposi-
tion, arsenite is reduced directly to arsenic (Scheme 8.1). The other is that the electro-
198 Electrodeposition and Electrodeposited Modifiers in ETAAS 
reduction proceeds further, conveliing the arsenic deposit to arsine which is then adsorbed on 
the surface of the modifier. However, it has been shown that palladium-adsorbed arsine is 
oxidised to arsenic at temperatures as low as -80 °C.258 Therefore, it is likely that any 
adsorbed arsine would be converted to arsenic before or during pyrolysis (Scheme 8.2). Thus, 
regardless of the reduction mechanism, electrodeposited arsenic is likely to be 
atomisedlvolatilised directly fi:om a metallic arsenic-palladium species. 
(Scheme 8.1) 
(Scheme 8.2) 
Styris et al. studied the atomisation of arsenic from palladium modified furnaces using mass 
spectrometry at atmospheric pressure. 146 The authors proposed that, for a pre-reduced palla-
dium modifier, solid AS203 interacts directly with the palladium forming a solid solution or 
intermetallic compound as shown in Scheme 8.3. This mixed palladium-arsenic compound 
may 01' may not contain oxygen (m 0, 1,2, ... ). The proposed volatilisation mechanism for 
this species is shown in Scheme 8.4. 
(Scheme 8.3) 
(Scheme 8.4) 
Thus, it is possible that thermally deposited arsenic is volatilised from a mixed palladium-
arsenic-oxygen compound, whereas electrodeposited arsenic is volatilised from a simpler 
palladitml-arsenic intennetallic that does not contain oxygen. 
8.6.1.3 Sensitivity and Detection Limits 
The characteristic masses and detection limits for arsenite determination by ED-ETAAS are 
shown in Table 8.2. The characteristic masses for deposition from L-cysteine-containing 
media are lower, reflecting the better deposition efficiency and hence, higher sensitivity of the 
technique. The characteristic mass of 6.6 pg as determined by peak height, compares well 
with the illstnmlent manufacturer's specifications (6 pg190), however, the characteristic mass 
calculated using the integrated absorbance (52 pg) is considerably higher than some literature 
values; e.g. 12.6 pg116 and 14 pg.153 Both of these characteristic masses were determined 
using platform-equipped furnaces and EDL light sources, which have been reported to double 
the sensitivity for arsenic determination.3* Furnace platforms were not routinely used during 
the course of this work, however, when they were used, the integrated absorbances were 
* The increased sensitivity for the EDL over the HCL is due to the narrower width of the EDL emission lines. 
The theory relating to this phenomenon is beyond the scope of this thesis, however, a full discussion of the 
effects of emission line-widths on absorbance is given by Kirkbright and Sargent. 259 
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markedly enhanced. An example of this is shown in Figure 8.6. A calculation of the charac-
teristic mass based on the slope of the ED-ETAAS curve using integrated absorbance yields a 
value of Mo= ca. 30 pg. However, the characteristic mass determined by peak height is 
ca. 15 pg-higher than that for wall atomisation. 
The detection limits for arsenite determination by ED-ETAAS are also shown in Table 8.2. 
These were lower for peak absorbance measurements than for integrated absorbances. This 
has been observed by other workers46, and is attributed to the high level of baseline noise 
associated with the arsenic HCL. The higher detection limit for the L-cysteine-containing 
medium, using peak absorbance, may be related to background correction effects for sample 
atomisation in the presence of residual L-cysteine. 
The relative sensitivities for arsenite determination by ED-ETAAS, and conventional ETAAS 
with a palladium modifier, are demonstrated by the calibration curves shown in Figure 8.6. 
While the sensitivities for both techniques are similar, the peak absorbances are larger for 
ETAAS, whereas the integrated absorbances are larger for ED-ETAAS. This reflects differ-
ent absorbance-time profiles for conventionally and electrodeposited arsenic. The different 
atomisationprofiles may suggest different atomisation mechanisms or different degrees of 
interaction between the arsenic and the palladium modifier. 
8.6.2 Fractionation of Arsenic Species 
8.6.2.1 Arsenate 
Figure 8.7 shows the influence of the deposition potential on the electrodeposition of arsenate 
and arsenite. At applied potentials below 0.5 V, both species are measured, due to adsorption 
of the arsenate and arsenite anions onto the positively charged furnace surface (see plots of 
applied potential vs. electrode potential in Chapter 7). As the applied potential is increased to 
2.0 V, the absorbance due to arsenite remains relatively constant, whereas the absorbance for 
arsenate decreases almost to zero. At this potential, arsenite is reducible and arsenate is elec-
tJ.·o-inactive. As the applied potential is increased above 3.0 V, significant quantities of arse-
nate are reduced. This result shows that arsenate is not truly electro-inactive, but can be re-
duced in the presence of palladium if a sufficiently negative potential is applied. A similar 
observation was made by Huiliang et al. 260 who reduced arsenate at a gold-coated platinum-
fibre electrode using deposition potentials negative of -1.5 V (vs. Ag/ AgCI). In this work, an 
applied potential of 3.0 V corresponds to a cathode potential of ca. -1.3 V. It is likely that the 
high arsenate absorbances shown in Figure 8.7, at deposition potentials above 3.0 V, are a 
result of direct arsenate reduction catalysed by the palladium furnace coating. 
The lack of arsenate deposition at applied potential of ca. 2.0 V provides an opportunity for 
fi'actionating inorganie arsenic. Arsenite can be selectively determined using the 2.0 V depo-
sition potential. Total inorganic arsenic, and thus by difference, arsenate, could be deter-
mined by a number of protocols. Figure 8.7 suggests that total inorganic arsenic could be 
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determined using a deposition potential of ca. 4.0 V.However, this avenue was not explored 
because experience with other metals showed that decreased precision and increased back-
ground absorbances were often associated with large deposition potentials. A second way of 
determining total arsenic is to use conventional ET AAS with electrodeposited palladium 
modifier. A third possibility is chemical pre-reduction of arsenate, allowing ED-ETAAS 
determination of total inorganic arsenic using a 2.0 V deposition potential. In the light of the 
enhanced sensitivity observed when the reducing agent L-cysteine was used during ED-
ET AAS arsenite detennination, this avenue was explored further. 
Table 8.3 shows the results for ED-ETAAS analysis of arsenate and arsenite solutions in the 
presence and absence of L-cysteine. For the 1% RN03 deposition medium, the ratio of the 
arsenite to arsenate peak absorbance was 9.1: 1. For the L-cysteine-containing deposition 
medium, there was no significant difference between the absorbances for arsenate and arsen-
ite. As observed previously, the absorbance for arsenite was enhanced by a factor of ca. 50% 
in the presence of L-cysteine. The main cause for concern was the small but real absorbance 
for arsenate. It was established experimentally (results not shown) that the magnitude of this 
absorbance could be decreased by using a suitable rinsing protocoL This ineorporated a series 
of rinses of increasing volume and was designed to remove "tide marks" of residues, caused 
by sample evaporation during electrodeposition. Thus for a sample volume of 20 JlL, the first 
rinse was 30 JlL, and the second and final rinse was 40 JlL. Using this rinsing protocol, ab-
sorbances for arsenate 'deposited' from 1 % RN03 media were below the level of baseline 
nOIse. 
8.6.2.2 Monomethylarsonic acid (MMA) 
The electro-reduction of organic derivatives of arsenic acid, such as MMA and DMA, re-
quires a large hydrogen overvoltage. The following scheme has been proposed. 225 
RAsH20 3 
I 
2RAsO~ RAs=AsR ~2RAsH2 
II III IV 
(Scheme 8.5) 
In weakly acidic solutions, reduction of alkyl arsenic acids (1) produces the alkyl hydr-
ides (IV). By analogy with the behaviour of arsine, it is anticipated that the resulting hydrides 
adsorb to palladium, and undergo catalytic dissociation at low temperatures. 139 
The effeet of deposition potential on absorbance for MMA is shown in Figure 8.8. For the 
1 % HN03 medium, there is limited deposition at potentials above 2.5 V. However, the ab-
sorbance, and hence the amount of deposition, more than doubles in the presence of 
L-cysteine. Le et al. proposed that L-cysteine reduces pentavalent organoarsenics to trivalent 
species.253 By analogy with the situation for arsenite and arsenate, it is likely that the 
trivalent organoarsenic species are more electroactive than the pentavalent parent compounds. 
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Table 8.4 shows absorbances for arsenite and MMA, as determined by ED-FrAAS and 
ETAAS. ForED-ETAAS measurements using a 1% HN03 deposition medium, there was 
good selectivity for arsenite, but a small absorbance for MMA was observed. It may be pos-
sible to eliminate this using a rinse protocol such as that used to remove arsenate. However, 
for analysis of natural waters, MMA levels are generally far lower than those for arsenate224 
so a small MMA contribution to the arsenite measurement is unlikely to have a major effect 
on the analysis. 
For ED-ETAAS measurements using a deposition medium containing L-cysteine, Table 8.4 
shows that similar absorbances are obtained for MMA and arsenite. The differences between 
the mean absorbances are not statistically significant. This result is unexpected because 
Figure 8.8 suggests that MMA deposition in the presence ofL-cysteine is incomplete after 60 
seconds electrolysis at 2.0 V. A possible explanation for this is that L-cysteine reduction of 
MMA proceeds relatively slowly, and was incomplete when the measurements for the lower 
potentials (in Figure 8.8) were made. 
ETAAS measurements of arsenate and MMA also produced mean absorbances that were not 
significantly different. These absorbances were significantly higher than those for ED-
ETAAS determination. This situation contrasts with the results for a platform-equipped 
furnace shown in Figure 8.6; in which ED-ETAAS absorbances were similar to those for 
ETAAS. The difference may be related to the age of the L-cysteine solution. However, 
separate calibrations were performed whenever ED-ETAAS results were compared with those 
for ETAAS. 
Thus, for fractionation of arsenic containing natural waters, ED-ETAAS analysis can be used 
to determine arsenite with only a very small contribution from any arsenate or MMA present. 
Total arsenic can be determined using ED-ETAAS with L-cysteine reduction, or by ETAAS 
with electrodeposited palladium modifier. Discrimination between MMA and arsenate was 
not achieved; however, this was considered less important than the primary aim of selective 
arsenite determination. 
8.6.2.3 Arsenic Speciation in Synthetic Samples 
The plots shown in Figure 8.9 demonstrate the ability of the ED-ETAAS method to discrimi-
nate between arsenite and arsenate. For solutions containing constant total arsenic concentra-
tions but varying ratios of arsenite and arsenate, ED-ETAAS analysis produced a linear 
calibration curve in response to increasing arsenite concentration. Total arsenic analysis by 
ETAAS with an electrodeposited palladium modifier produced a line parallel to the x-axis, 
confirming that identical sensitivity is observed for ETAAS determination of arsenite and 
arsenate. 
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Absolute sensitivity for the solution containing 50 ppb arsenite was lower for ED-ETAAS 
than for ETAAS. This reflects incomplete electrodeposition in the absence of the L-cysteine 
reducing agent-it was necessary to omit tlus in order to selectively measure arsenite. 
Comparison of integrated absorbance measurements (8.8a) with peak absorbance measure-
ments (8.8b) for the ED-ETAAS analysis, shows that better sensitivity (relative to ETAAS) is 
obtained by using peale absorbances. Furthermore, peak absorbances provide better discrimi-
nation between arsenite and arsenate. The reason for this is not entirely clear, but may to be 
related to the way in which the ETAAS instrument integrates absorbance peaks that are hid-
den in a noisy baseline. Figure 8.14 shows the actual absorbance profiles for part of the ED-
ETAAS experiment shown in Figure 8.9. It can be seen that for the 50 ppb arsenate solution, 
the peak height barely registers above the baseline noise. However, the instrument still 
calculates an integrated absorbance for the signal. However, it also seems possible that this 
integrated absorbance can be attributed to residual arsenate which is not rinsed from the 
furnace prior to atomisation, although no peak absorbance is registered-if it were merely an 
artefact of the ETAAS software, we would not expect the ED-ETAAS plot shown in Figure 
8.9 to be so linear. 
Thus, because of the better sensitivity and improved selectivity for arsenite, peak absorbances 
were chosen over integrated absorbances as the preferred measurement mode for arsenic det-
ermination. 
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Figure 8.14 Absorbance-time profiles for ED-ETAAS analysis of the mixed arsenite/arsenate solutions 
described in Section 8.3.4. 
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8.6.2.4 Alternative Arsenic Fractionation Methods 
Three candidate methods were evaluated with a view to finding a suitable method to compare 
with the ED-ETAAS arsenic fractionation protocol. The first of these candidates was the 
method of Li and Smart233 : CSV in the presence of Cu2+. A calibration curve for arsenite 
obtained using this method is shown in Figure 8.10. It can be seen that the curve is relatively 
linear, except at the region of lowest arsenite concentration. This curvature makes calibration 
difficult, and has been cited by other authors as a reason for not using this method.229 
Two other problems were encountered with this method. Firstly, the stripping current for an 
arsenite-containing sample decreased over time, and with each replicate measurement. Li and 
Smart233 attributed this to oxidation of arsenite by Hg2+ ion, which is formed by dissolution 
of the HMDE in the 2 M HCI sample medium. The effect was countered by adding 40 ~M 
hydrazine sulphate to the deposition medium. However, in the present work, this did not pre-
vent the analytical peak decreasing over time. The second problem with this method relates 
to the high concentration of copper required for the analysis. Spiking samples with copper to 
obtain a final concentration of 0.8 mM, requires the use of stock solutions in excess of 
8.0 mM (500 ppm). Such high concentrations pose risks of contamination in an area where 
trace copper measurements are likely to be made. 
In view of the non-linear calibration curve, unstable stripping currents, and high concentra-
tions of copper required, CSV in the presence of Cu2+ was not considered a suitable method 
for arsenite determination. 
The second method investigated was that of Zima and van den Berg229 : CSV in the presence 
of pYlTolidine dithiocarbamate (PDC). This protocol was applied to the determination of ar-
senite in two natural waters; one from Devil's Creek, and one from Johns Road. The standard 
additions calibration plots for these analyses shared a common anomaly: the calibration line 
had a positive, rather than the usual negative, x-intercept. An example of this, the standard 
additions plot for analysis of Johns road water, is shown in Figure 8.11. In an effort to ex-
plain these unusual results, possible analytical interferents were investigated. Zima and van 
den Berg mentioned copper as an interferent, but for their seawater analysis, the copper levels 
were too low to pose a problem. With this in mind, the Johns road sample was analysed for 
copper using conventional ETAAS (results not shown). The analysis showed that the water 
contained ca. 10 ppb copper--considerably higher than the 3 ppb that Zima and Van den Berg 
determined as a maximum permissible level. 
The effect of Cu2+ on the CSV analysis is shown in Figure 8.12. It can be seen that on addi-
tion of Cu2+ to the arsenite sample, the analytical peak at ca. -0.04 V is masked by the back-
ground current, and a new peak appears at ca. -0.14 V (vs. Ag/AgCI). Zima and van den Berg 
attributed this second peak to formation of a copper-PDC complex. In this work, efforts to 
remove the interfering copper from samples using solvent extraction (dithizone in CC14) 
204 Electrodeposition and Electrodeposited Modifiers in ETMS 
proved fruitless, as sufficient CCl4 remained in the sample after extraction to interfere with 
the CSV analysis. At this point, we decided that determination of arsenic by CSV in the pres-
ence of PDC was not a suitable method for our purposes. Correspondingly, we turned our 
attention to the next candidate method: pH-selective hydride generation (HG)-ETAAS. 
Figure 8.13 shows a calibration curve for determination of arsenite by pH-selective HG-
ETAAS. The poor precision is likely to be caused by the large manual component in the ana-
lytical protocol; the tube which transports the arsine to the furnace is positioned by hand, and 
the arsine accumulation time is measured using a stopwatch. The variable position of the 
sample introduction tube may affect the efficiency of arsine trapping on the palladium modi-
fier. The imprecise control of the accumulation time would also affect the amount of arsine 
trapped. A further contribution to the poor precision could be due to an inefficient gas-liquid 
separator in the HG3000 hydride generator. Vigorous effervescence from the borohydride 
reduction produces an aerosol which transfers sodium acetate from the reaction mixture to the 
furnace. On atomisation, this produces a background absorbance which increases with arsine 
accumulation time. This was countered by using a relatively low sodium borohydride 
concentration (compared with that used in Section 6.2.2 for mercury analysis). 
The sensitivity of the method for arsenite determination was considered suitable for our pur-
poses. Coupled with the observation that no absorbance was obtained for arsenate, the HG-
ETAAS protocol was selected as a suitable method to compare with ED-ETAAS for arsenite 
determination. 
8.6.2.5 Fractionation of Arsenic Species in Natural Waters 
Four different methods were used to measure arsenic in two natural waters. ED-ET AAS and 
HG-ETAAS, were used to determine arsenite; total arsenic was determined using conven-
tional ETAAS with an electrodeposited modifier, and ED-ETAAS with L-cysteine pre-
reduction. The two waters were taken from environments likely to be contaminated by 
arsenic: the Devil's Creek catchment contains disused mine workings which tunnel though ar-
senic-containing rock; the Johns Road surface water was taken from an area adjacent to a tim-
ber treatment plant. 
The results of the analyses are shown in Table 8.5. For the Devil's Creek water, no signifi-
cant arsenite concentration was measured. This is not surprising given that the sample had 
been stored for a long period with no preservative. It is likely that any arsenite present at the 
time of sampling would have oxidised to arsenate during storage. The analyses for total ar-
senic all indicate a concentration of ca. 43-44 ppb except for one. The total arsenic 
determined by ETAAS using the integrated absorbance mode was 51.9 ppb. However, given 
that the other measurements all agree within experimental error, this result is considered to be 
an artefact of the poor calibration curve that was obtained for the experiment. 
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For the Johns Road water, both the HG-ETAAS and ED-ETAAS analyses determined an ar-
senite concentration of ca. 21 ppb. The large errors for the HG-ETAAS analysis are a conse-
quence of poor precision for both calibration and the sample measurements. However, the 
close agreement with the ED-ETAAS result (within experimental error) suggests that the 
method is accurate, and that both methods measure the same arsenic fraction. 
The analyses for total arsenic in Johns Road water determined a concentration of ca. 46 ppb. 
As for the Devil's Creek water, the arsenic concentration as determined by ETAAS using the 
integrated absorbance is relatively high. However, both of these anomalous measurements 
are based on the same calibration curve and thus are not considered to be significant. 
Thus, ED-ETAAS has been shown to be a suitable method for determining both arsenite and 
total arsenic. For total arsenic, the precision and detection limits are similar to those for 
ETAAS. For arsenate, the precision is considerably better than for the HG-ETAAS protocol 
adopted in this work. Furthermore, the total automation of the ED-ETAAS technique 
decreases the likelihood of operator error and frees the analyst to perform other tasks. The 
detection limits of the HG-ETAAS method were not determined, but were not expected to be 
any better than for ED-ETAAS because of the poor precision of the technique as used in this 
work (see Figure 8.13). However, it is likely that the detection limits could be greatly 
improved if a more efficient gas-liquid separator and longer accumulation times were used. 
Another attribute of the ED-ET AAS technique for arsenic determination is the electrodepos-
ited palladium modifier. This was used not only for the ED-ETAAS protocols, but also for 
the ETAAS and HG-ET AAS measurements. The electrodeposition protocol provided a 
convenient and reproducible method of modifying the furnace. 
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Chapter Nine 
Conclusions 
The primary aims of this work were to gain an improved understanding of the ED-ETAAS 
protocol of Matousek and Powell97,99 and to expand the method's application. The first of 
these aims was achieved by studying and optimising the individual components of the ED-
ETAAS analysis. These included the stabilising action of the modifier, the parameters relating 
to successful electrodeposition of the analyte, and the effects of different sample media. 
9.1 FUNDAMENTAL STUDIES 
The effect of the electrodeposited modifier was examined in Chapter Three. The optimum 
electrodeposition protocol for palladium was a 20 second deposition from 0.1 % HN03 using 
a 2.0 V electrolysis potential. Neither rinsing nor drying of the modifier was found to be nec-
essary for effective analyte stabilisation. The electrodeposited palladium was shown to be 
slightly more stable to volatilisation than conventionally deposited palladium. The palladium 
modifier was not reusable and had to be redeposited for each analyte determination. The 
alternative modifiers, rhodium and iridium, were reusable; however, thesensitivity was greatly 
decreased for the second and subsequent analyses following modifier deposition. 
Furthermore, neither of these modifiers provided the same thermal stabilisation of analyte as 
did palladium. 
The deposition of analyte metals was studied in Chapter Four. It was established that lead 
could be deposited from 1 % HN03 media with greater than 90% efficiency within 60 seconds. 
Deposition efficiency from hydrochloric acid media was poor, demonstrating that sensitivity 
for tlle ED-ETAAS method is sample matrix dependent. Re-deposition and rinsing protocols 
were developed which were designed to remove sample matrix components while quantita-
tively retaining electrodeposited lead 011 the furnace surface. It was shown that for atomisa-
tion of lead from unmodified pyrolytic graphite, electrodeposited lead was more thermally 
stable than conventionally deposited lead. The stability oftheelectrodeposited lead was fur-
ther enhanced by the electrodeposited palladimn modifier which increased the maximum 10ss-
free pyrolysis temperature from 800 DC, for lead electrodeposited on pyrolytic graphite, to 
1200 DC for lead electrodeposited on palladimn-modif1ed graphite. Detection limits and 
sensitivity for the techuique were comparable to those for conventional ET AAS. 
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Application of the method to determination of other metals from simple acid media showed 
that the protocol developed for lead could be used for the determination of bismuth, cadmium 
and copper with little or no modification. In contrast to the situation for lead, the acid used as 
an electrolysis medium for cadmium and bismuth had little effect on the deposition efficiency, 
For each metal, the palladimn modifier was shown to provide varying degrees of thermal 
stabilisation, but was beneficial in all the analyses that were tested. 
Although the ED-ETAAS protocol provides similar sensitivity to conventional ETAAS, the 
time taken for the various electrolysis and rinsing steps greatly decreases analytical through-
put. A single sample measmement by ETAAS generally takes ca. 60-90 seconds. For ED-
ETAAS, tills time increases to between fom and six minutes depending on the number of rinse 
steps required. Thus, because of the superior speed, conventional ET AAS remains the 
method of choice for analysis of samples in non-problematic media. The strength of ED-
ETAAS lies in its ability to directly analyse media wmch contain large concentrations of salts, 
particularly sodium chloride, which can interfere in the ETAAS analysis. 
9.2 DETERMINATION OF METALS FROM SALINE MEDIA 
Chapter Five describes application of the ED-ETAAS method to metal determination in 
sodium chloride media. The deposition potential, temperatme and gas-flow rate were opti-
mised to maximise analyte deposition and minimise retention of sodium chloride on the 
fmnace. It was demonstrated that the palladium modifier decreased both the amount and the 
tIlennal stability of sodium chloride that was retained on the furnace after electrolysis. Thus, 
tile sodium chloride background for analysis of a 20 ilL sample containing ca. 0.6 mg of 
sodium chloride was decreased to a negligible leveL The protocol was refined to the point 
where equal sensitivity was observed for determination of 50 ppb lead in either 1 % HN03 or 
0.5 M sodium chloride/l % HN03 media. 
A major problem encountered during analysis of sodium-chloride media was adsorption of 
analytes inside the Ptllr anode/sample injection capillary. As a result of tms, the first repli-
cate measmement for each sample was generally discounted, thus requiring fom measmements 
per sample to obtain tlu'ee useful ones. The adsorption problem was overcome using a differ-
ent probe which incorporated a separate PTFE sample delivery tube and a platinum anode. 
However, the size and flexibility of tms probe introduced new problems of sample overflow 
from tile furnace and decreased maximum sample size. These problems could be addressed in 
futme by a probe design sinlilar to the present Ptllr capillary but incorporating an internal 
"sleeve" of PTFE to prevent analyte adsorption. Ptllr capillaries and PTFE tubing are both 
cOl1Ullercially available in sizes suitable for fabricating such a probe. 
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An advantage of ED-ETAAS over conventional ETAAS was demonstrated by successfully 
determining copper and cadmium levels in seawater. The high salt concentrations of a sea-
water sample matrix prevent direct determination by conventional ET AAS but represent an 
ideal sample medium for ED-ETAAS. However, this analysis also highlighted a principal dis-
advantage of ED-ETAAS for this application. The seawater used for the analyses was taken 
from a busy seaport at high tide and thus represents a relatively polluted sample. Even so, 
the levels of copper and cadmium measured were barely above the detection limits of the ED-
ETAAS teclmique. For less polluted samples, taken from coastal waters or the open ocean, 
analyte pre-concentration by solvent extraction or ion-exchange would be required. These 
techniques inherently separate the analyte from the sample matrix, removing the need for ED-
ET AAS: conventional ETAAS can perform the same analysis in less than half the time. Thus 
the use of ED-ETAAS for seawater analysis is restricted to relatively polluted waters such as 
those found in estuaries and harbours. 
Other high-salt media which present problems for conventional ETAAS include biological 
fluids and some industrial wastes. These may offer more suitable applications for the ED-
ETAAS method. For example, Najafil73 demonstrated that ED-ETAAS could be successfully 
used to detennine lead, cadmium, chromium, nickel and manganese in urine. However, while 
the high salt and urea concentrations in urine do not present a problem for ED-ETAAS, little 
is known at this stage about the effects of high protein concentrations. 
Biological fluids such as blood and cell extracts can contain large amounts of protein. Several 
problems arising from this can be foreseen. Analytes which are complexed to proteins are 
likely to be electro-inactive, especially if they are bound in the centre of the protein structure. 
It is also possible that protein adsorption on the furnace surface (electrode fouling) could pre-
vent quantitative analyte deposition, or change the deposition efficiency for samples that con-
tain different proteins/concentrations. In addition, metal-containing proteins that adsorb to 
the furnace would cause otherwise inert metal complexes to be measured as labile. If protein 
does adsorb onto the furnace, this could also cause build-up of carbon from pyrolysed protein 
as a post-atomisation residue. Thus it is likely that for successful analysis of such samples, 
several other steps would have to be included in the ETAAS protocol. These could include 
acid and/or UV decomposition of proteins, filtration/centrifugation of samples, and oxygen 
ashing of samples within the furnace. Consequently, a great deal of further research is req-
uired before ED-ETAAS could be promoted as a suitable technique for analysis of protein-
containing samples. 
9.3 FURTHER APPLICATIONS 
Having achieved the first of the main aims of this work, to improve our understanding of the 
mechanisms involved in the ED-ETAAS protocol, we undertook to expand the method's 
application. This work proceeded in two directions. Firstly, to detelmine elements that were 
difficult to determine by ET AAS and secondly, to explore the possibility of species fraction-
ation by ED-ETAAS. 
210 Electrodeposition and Electrodeposited Modifiers in ETAAS 
9.3.1 Determination of Mercury 
The first expanded application of the ED-ETAAS technique was the determination of mer-
cury, as described in Chapter Six. The sensitivity and detection limits for mercury determina-
tion by ED-ETAAS are comparable to those for conventional ETAAS using palladium 
modifier. However, the thermal stability for electrodeposited mercury on palladium was 
greater than that for conventionally deposited mercury on palladium; the maximum pyrolysis 
temperatures for the two techniques were 550°C and 450 °C respectively. Furthermore, 
although it was not verifIed, it is likely that mercury could be determined in the presence of 
sodium chloride using ED-ETAAS; a problematic sample medium for conventional ETAAS. 
Application of the ED-ETAAS method for mercury determination could be restricted by the 
relatively high detection limit (ca. 1.7 ppb). The detection limit for CV-ETAAS is a factor of 
ten lower, and could be further improved if reagents of higher purity were used. However, the 
lack of automation for the CV -ET AAS technique, combined with the relatively large consum-
ption of sample and high purity (expensive) reagents makes ED-ETAAS the method of choice 
when detection limits are not an issue. 
9.3.2 Metal Speciation 
The next application of ED-ETAAS to be explored was the fractionation of complexed metal 
species. It was demonstrated that for inert EDT A-metal complexes, ED-ETAAS could be 
used to differentiate between free and complexed metal. However, for complexes that are 
labile or pseudo-labile on the experimental timescale, the ability of the technique to differenti-
ate species was poor. It is likely that for metals and ligands with smaller equilibrium con-
stants, log K, the ability to discriminate between species would be further restricted. For such 
complexes, the amount of free metal measured by ETAAS would be higher than that measured 
by ASV. This is because of the exhaustive deposition used in the ED-ET AAS technique; un-
like the deposition step for ASV, the concentration of metal in the bulk solution decrcases 
significantly as the deposition proceeds. This allows re-equilibration of metal ligand com-
plexes, thus affecting the measured speciation within the sample. 
Furthermore, it was shown that a common naturally OCCUlTing ligand, fulvic acid, adsorbed 
strongly to the furnace. As a consequence of this, both free and fulvate-bound metal was 
'deposited' on the fumace surface; £'ee metal by electrodeposition and fulvate-bound metal by 
adsorption. This prevented discrimination between the two species by ED-ETAAS. 
Thus, it is possible in principle to distinguish between free and ligand-bound metal by ED-
ETAAS. However, because of the likely disturbance of species equilibria within the sample 
and adsorption of some complexed species on the fumace surface, the method is unlikely to 
have any practical application in natural systems. 
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9.3.3 Determination and Speciation of Arsenic 
The penultimate chapter of this work is devoted to the measurement of arsenic and its specia-
tion by ED-ETAAS. This method was shown to be simple and reliable for detelmining both 
the total arsenic concentration and the concentration of the most toxic arsenic species, arsen-
ite-an analysis which cannot be accomplished by conventional ET AAS. The comparative 
method, hydride generation-ETAAS, was relatively imprecise-limited perhaps by the man-
ual nature of the technique. However, the pre-concentration step afforded by the hydride 
accumulation provides scope for considerable improvements in the detection limit. Thus 
where absolute detection limits are of primary importance, HG-ETAAS is the method of 
choice. However, where detection limits are not an issue, the automated ED-ETAAS method 
is simpler, and consumes smaller quantities of reagents and samples. For both techniques, 
detection limits and precision were adversely affected by baseline noise, which was attributed 
to the low intensity of the arsenic hollow cathode lamp. The use of a high intensity electrode-
less discharge lamp would greatly improve both the precision and detection limits. 
It has been shown in tins work that it is possible to differentiate between AsIII and other ar-
senic speCies. Preliminary studies by Najafi 173 suggest that it may be possible to differentiate 
between CrIII and CrVl. Thus, although ED-ETAAS is not an ideal method for differentiating 
between free and complexed metal ions, it shows promise for determining various oxidation 
states of analyte species. This is an area for future research. 
For any of the four techniques used in this work, ETAAS, ED-ETAAS, CV-ETAAS, and 
HG-ETAAS, the use of the palladium modifier was greatly beneficial, and in most cases 
essential. It has previously been shown tIlat electrodeposited palladium provided more effi-
cient stabilisation of selenium tIlan did thermally deposited palladium. 159 In this work, it was 
demonstrated that electrodeposited palladium modifier is more stable to volatilisation than 
tIlermally reduced palladium, and that it provides better sensitivity than palladium chloride 
modifier for mercury determination by CV-ETAAS. Thus, not only is electrodeposition a 
simple and convenient way of palladium furnace modification, but the electrodeposition can 
enhance the perfonnance of the modifier. Furthermore, the quantities of palladium required 
when elcctrodeposition is used are only ca. 0.5% of those used for conventional thermal de-
position. This not only decreases consumption of a relatively expensive reagent, but al,so 
decreases the size of analyte blanks associated with modifier impurities. Therefore, the 
electrodeposited modifier is considered superior to thermally deposited modifier, regardless of 
whether tile analyte is deposited by vapour/hydride accumulation, electrodeposition, or con-
ventional means. 
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